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Abstract
This work concerns the development of a mechanical gripper able to adapt itself to the
shape of very different objects and to manipulate them keeping the grasp. The adaptability
of the device comes from the adopted under-actuation for the kinematics which ensures an
enveloping grasp around the object. while the in hand manipulation capability is obtained
thanks to the active surfaces, that constitute the effective contact surface with the object.
The ﬁrst part of the report travels the evolution of the dexterous grippers highlighting the
main characteristics and making a comparison between them, so to understand the reached
technical level. After the performances required at the gripper and the conceptual design to
satisfy themwill be reported. The central part will show the device in each single component
and will explain the criteria and the considerations followed for its design. The report will
reports the experiments carried on the active surfaces, that constitutes the most innovative
system in the gripper. Finally the conclusions and the technical drawings will be reported.
Contents
1 State of the art 1
1.1 Dexterous gripper for space robotics . . . . . . . . . . . . . . . . . . . . . 2
1.2 Dx-Grip-II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Robotic end effector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Traction gripper system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Roll-on gripper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 Velo Gripper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.7 Velvet ﬁngers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.7.1 Kinematic structure of the ﬁngers . . . . . . . . . . . . . . . . . . 9
1.7.2 Active surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.8 Robotiq Adaptive Gripper S model . . . . . . . . . . . . . . . . . . . . . . 12
1.9 3D Printed Under-actuated Hand . . . . . . . . . . . . . . . . . . . . . . . 14
1.9.1 Finger design and differential system . . . . . . . . . . . . . . . . 14
1.10 Considerations about the state of the art . . . . . . . . . . . . . . . . . . . 16
2 Performance Requirements 18
2.1 Choice of the kinematic structure and its DoF . . . . . . . . . . . . . . . . 18
2.1.1 Grasping methods . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.1.2 Grasping of objects . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 In hand manipulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.1 Manipulability ellipsoid concept . . . . . . . . . . . . . . . . . . . 25
2.2.2 Manipulability evaluation . . . . . . . . . . . . . . . . . . . . . . 25
3 Conceptual design 27
3.1 Gripper’s structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2 Actuation of the ﬁngers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2.1 Examples of kinematics mechanisms . . . . . . . . . . . . . . . . 27
3.2.2 The chosen mechanism . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3 Implementation of the under-actuation . . . . . . . . . . . . . . . . . . . . 31
3.4 Active surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4.1 Contact point evaluation . . . . . . . . . . . . . . . . . . . . . . . 34
3.4.2 Friction coefﬁcient simulation . . . . . . . . . . . . . . . . . . . . 37
3.5 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
iii
CONTENTS iv
3.5.1 6-axis sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.5.2 Encoder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4 Implementation of the active surface concept 42
4.1 Design of the active surfaces . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.1.1 The actuated cylinder . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.1.2 The moveable cylinder . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.3 The distal frame . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.1.4 The proximal frame . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2 Employed materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2.1 Components realized by turning machine . . . . . . . . . . . . . . 49
4.2.2 Components realized by milling machine . . . . . . . . . . . . . . 49
4.2.3 Others components . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3 Assembled system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5 Fingers 52
5.1 Choice of the joints’ positions . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2 Structure of the phalanxes . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.1 Transmission with tendons . . . . . . . . . . . . . . . . . . . . . . 54
5.2.2 Transmission with timing belt . . . . . . . . . . . . . . . . . . . . 56
5.3 The First joint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.4 The Second Joint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.5 Dimensioning and choice of the spring . . . . . . . . . . . . . . . . . . . . 60
5.6 Finger after assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6 Palm 64
6.1 Interface with the ﬁngers . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.1.1 Transmission with timing belt . . . . . . . . . . . . . . . . . . . . 65
6.1.2 Dimensioning and choice of the motors in the palm . . . . . . . . . 66
6.2 Interface with the robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.3 Electronic boards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.4 Structure of the palm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.4.1 Assembly of the motors . . . . . . . . . . . . . . . . . . . . . . . 71
6.4.2 Assembly of the lower bearings . . . . . . . . . . . . . . . . . . . 72
6.4.3 Bottom structure of the palm . . . . . . . . . . . . . . . . . . . . . 73
6.4.4 Assembly of the encoders . . . . . . . . . . . . . . . . . . . . . . 74
6.4.5 Top structure of the palm . . . . . . . . . . . . . . . . . . . . . . . 75
6.5 Palm after assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7 Assembled gripper 77
CONTENTS v
8 Structural verifications 79
8.1 Active surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
8.1.1 Motor holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
8.1.2 Movable pin and support pin . . . . . . . . . . . . . . . . . . . . . 82
8.1.3 Distal frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
8.2 Fingers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
8.2.1 Distal phalanx . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
8.2.2 2nd Joint pin left . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
8.2.3 2nd Joint arm left . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
8.2.4 Proximal phalanx . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
8.2.5 Long 1st Joint pin . . . . . . . . . . . . . . . . . . . . . . . . . . 93
8.3 Palm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
8.3.1 Shaft for pulley . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
8.3.2 Plate for motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8.3.3 ABS component for bearings . . . . . . . . . . . . . . . . . . . . . 99
8.3.4 Palm top . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
8.3.5 Palm Bottom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
9 Experiments 102
9.1 Contact point evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
9.2 Friction coefﬁcient simulation . . . . . . . . . . . . . . . . . . . . . . . . 106
9.2.1 Simulation applying a constant force . . . . . . . . . . . . . . . . . 106
9.2.2 Simulation applying a variable force in time . . . . . . . . . . . . . 107
10 Conclusions 109
Chapter 1
State of the art
In many application ﬁelds, the grasping and manipulation of objects has always led the
engineers to design devices that can meet different application needs. These devices are
called End Effectors and are based on different operating principles; certainly the ones for
prehensile tasks are the most diffused and they can be divided intwo main groups: the
industrial grippers and the robotic hands. The ﬁrst category is employed in industry and it’s
characterized by: high force applied, high structural stiffness, low compliance of surfaces,
low dexterity and few degrees of freedom. Instead, the second category is the opposite
of the ﬁrst, on the other hand they are EE employed still at research level, given the high
complexity and difﬁculty of reducing the overall dimensions for the desired uses, such as
prosthesis. However there is more and more the need to grasp objects of different shapes
and sizes, often in unstructured environments.
To satisfy the requirement, grippers more and more dexterous, versatile and reliable have
been made; these devices have the features of traditional grippers but they are able also to
fulﬁl manipulation tasks. This third category of gripper is identiﬁed by the name Dexterous
grippers, the ﬁgure 1.1 shows examples of grippers belonging to the three categories.
Figure 1.1: Examples of gripper belonging to the three different categories.
In this chapter with a brief description of some EE belonging to the category of Dexter-
ous Gripper is reported. At the end of the chapter a comparison of a described devices is
reported, involving the most interesting aspects.
1
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1.1 Dexterous gripper for space robotics
This gripper differs to the others for application ﬁeld, because conceived for manipulation
of free-ﬂoating object in absence of gravity; in this case synchronous application of contact
seems to represent a basic feature in order to efﬁciently grasp of ﬂoating items, that may
have an irregular shape and/or non well positioned in the gripper workspace. To respond to
these problems the gripper has been designed with three ﬁngers with one degrees of freedom
each and with an appropriate system of sensors, in particular each ﬁnger is equipped with a
Hall effect position sensor, a proximity sensor and a miniaturized force/torque sensor. The
ﬁgure 1.2 shows the structure of the gripper [1].
Figure 1.2: Dexterous gripper for space robotics.
The force/torque sensor can be used for the control of grasping forces once contact have
been applied, while the proximity sensor measures the distance of each ﬁnger from the ob-
ject surface and allows to plan the approach motion in order to get synchronous contact.
The actuation for each ﬁnger is provided by a linear actuator composed by a high-speed
brush-less motor integrate with high-ratio roller-screw mechanism that allow direct genera-
tion of linear motion. Since the ﬁngers move independently, and the distal phalanx remains
in vertical position during the movement, the grasping conﬁguration may be any triangle
with vertices on the approach trajectory segments; this feature allows to grasp irregular ob-
ject, even if not positioned in a central conﬁguration respect to the workspace of the gripper
itself. With respect to the grippers cited before, this one is equipped by a complex sen-
sors system, that results excessive for several application ﬁelds, in which operate the others
grippers.
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1.2 Dx-Grip-II
The Dx-Grip-II is a dexterous gripper composed of two jaws, whose motion are indepen-
dently actuated by motors ﬁxed at the base through four parallel linkages; each jaw has a
rotating ﬁngerpad actuated by direct-drive motor and they are covered with high friction
material. Thus, overall, the gripper has four motors: two for the motion of the jaws and
other two for the rotation of the ﬁngerpads. The distance between the jaw’s plane can be
changed independently from the distance between axes of the revolving ﬁngerpads, while
the jaws always keep their parallel orientation [2][3].
Figure 1.3: Models of operation Dx-Grip-II: a) parallel jaw gripper, b) reorienting device,
c) non-grasping manipulation device (Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
From the ﬁgure 1.3 the following considerations can be done.
1. as a conventional parallel jaw gripper, with the possibility of translating the grasped
object in one direction (Figure 1.3 a);
2. as a reorienting device for grasped objects (Figure 1.3 b). Elongated objects such as
tool handles can be rotated around the ﬁngerpad axes and/or around their own axis,
according as the angular speed are concordant or discordant;
3. as a non grasping manipulating device (Figure 1.3 c). The cylindrical surfaces of the
ﬁngerpads can be pressed on ﬂat objects lying under the gripper, and manipulate them
in the plane.
The hand has a force/torque sensor on each ﬁngerpad. 6-axis sensors are realized by
strain-gages on the three beams of a modiﬁed Maltese cross, to which the direct drive ﬁn-
gerpad actuators are ﬁxed. By adding the measurements from the two jaw force/torque
sensors, an equivalent wrist force/torque sensor is obtained. Intrinsic Tactile Sensing algo-
rithms are used to get information on the location of the centroid of contact, the intensity
and direction of contact force, the local torque, the risk of slippage, etc.
This device can exert tangential forces on object and its the rotation depends on the distance
of the contact points from the axis of rotation.
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1.3 Robotic end effector
This gripper is composed of two pairs of interlinked jaws mounted on a chassis. Each pair
of jaws is independently actuated by a belt that form the element in contact with the object,
conferring to the gripper a very high adaptability characteristic. The length of the belts
within the jaws can be varied to modulate the gripping forces; the grasped object can be
manipulated acting these active surfaces [4].
Figure 1.4: Gripper structure.
The belts can be driven in either direction by means of electric motor, independently
from the position of the jaws. This allows objects to be rotate by moving the belt in the
same direction or it’s possible to remove the cap top from a bottle, with a counter-rotation
of the belts. This gripper has low dexterity of the ﬁngers (only one Dof) but the belts allow
to make operations of manipulation, for example it can exercise tangential forces in opposite
direction on parallel planes so to torque an object around a vertical axe, operation that can
not be performed by the majority of devices.
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1.4 Traction gripper system
The Traction gripper has been designed to perform an automatic handling of stacked objects,
operation which still constitutes a bottleneck in the automated ﬂow of goods. The gripper
can take the packages arranged on a pallet even if they are not accessible on two opposite
sides, as is often necessary for the majority of industrial gripper. The ﬁrst model was able
to grasp objects exerting friction forces through thirty rollers; the second version exploits
the rollers as a guide for twelve coated belts with high friction coefﬁcient. The ﬁgure 1.5a
shows the model with rollers and the ﬁgure 1.5b shows the model with belts.
Figure 1.5: Traction gripper with roller (a) and with belt (b).
This gripper weighs 10 kg and the encumbrance is 175x95x155 mm. How shown in the
ﬁgure, the gripper consist of double belt conveying units perpendicularly arranged, on which
are mounted some independently actuated belts. The grasping of the object is performed
by positioning the gripper on it and actuating the active surfaces, so as exert the frictional
forces that pull the object inward the gripper and hold it there ﬁrmly. To release the grasped
good it’s sufﬁcient to move the belts in the opposite direction. The version with rollers is
used to grasp the more delicate objects and to have greater control of the socket because it
allows to increase the number of contact points and also it’s equipped with a torque control
for each roller, which allows to perform a proper gripping force [5].
The main distinction compared to the others grippers is the lack of any sort of closing
mechanism, indeed the gripper relies solely on the active surfaces. Probably an adaptable
structure would be not necessary for the ﬁeld of use of this gripper, used to grasp stacked
objects with simple shapes, such as boxes or bags.
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1.5 Roll-on gripper
The Roll-on gripper is a device designed for industrial manipulation of different types of
goods, package and boxes, usually arranged on a pallet.
The design of this gripper follows the roll-on principle, namely friction-based gripping prin-
ciple. The gripper has two long wedge-shaped elements equipped by round friction element
independently actuated by motors. A coated roll or timing belt, is pressed to the front side
of an object. Usually to provide a horizontal counter force from the back side of the object
a wall or another stack of goods is exploited.
Due to the friction force between the belts and the object, this one is lifted up when the fric-
tion element is turned back-wards. It’s also equipped by a force/torque sensor to determine
weigh and position of the objects, other ones to know the orientation, and also sensors to
read the chip on packagings and know their characteristics, necessary for a proper handling.
This gripper, mounted on an industrial robot, can handle objects up to 40 kg and from 100
up to 1500 mm wide.
Figure 1.6: Degrees of freedom of Roll-on gripper.
The gripper is composed of an horizontal guide on which the two jaws can moving,
and also rotate of 90°around an axis perpendicular to the guide; this last ability allows to
grasp the objects by acting on two opposite sides. The belts help to draw an object from the
stack, and their counter-rotation allows to rotate the objects around an axes perpendicular
to the belts’ surface. The ﬁgure 1.7 shows the three executables kinds of manipulation and
grasping of this gripper.
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Figure 1.7: Roll-on gripper during grasping and manipulation of objects: withdrawal of the object with the aid of the
belts(a), lateral grasp(b), orientation of the object by means of counter-rotation of the belts(c).
The Roll-on gripper is able to rotate the object as performed by [4] but, unlike this, by
acting on the lower surface, without changing the posture to ﬁt the shape of a not axial-
symmetric object. Instead, during a lateral grasp the Roll-on gripper is not able to adapt
itself during the rotation of the object because of its rigid structure. [6]
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1.6 Velo Gripper
The " Velo Gripper " is an under-actuated gripper with parallel closure. It has been de-
veloped to obtain a stable grasping and not in-hand manipulation how we have seen for
the gripper [2]. This is an economic gripper, versatile, able to manipulate a wide range of
objects and intended to operate in unstructured environments. The gripper consists of two
ﬁngers with same sizes and shape, positioned symmetrically with respect to the palm. Each
ﬁnger is composed of two phalanges forming a RR serial manipulator.
The motion of the ﬁngers is controlled by tendons; every ﬁnger has three tendons as depicted
in ﬁgure 1.8: the red wire actuates the closure, the blue one ensures a passive opening and
the green imposts a parallel motion of the distal phalanges. Furthermore a spring at the 1st
joint facilities the passive opening. Elements now mentioned are shown in ﬁgure 1.8.
Figure 1.8: Finger with the three tendons: the tendon for the active closure (in red),
than for the passive opening (in blue), than for the parallel motion (in green).
The kinematics of the gripper ensure a parallel movement of the distal phalanges during
the free closing or when external wrenches are applied only to them. When the grasping
forces affect the proximal phalanxes, a rotation of the distal ones occurs and the gripper
assumes a power grasp conﬁguration. Moreover the ﬁngers are able to assume a non-
symmetrical conﬁguration adapting to the shape of the grasped object; this feature gives
versatility to the gripper but it can’t perform a in hand manipulation and it isn’t equipped of
sensor [7].
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1.7 Velvet fingers
The Velvet Fingers is an under-actuated gripper with active surfaces. AS shown in the fol-
lowing ﬁgure, the gripper consists of two ﬁngers with same size and shape,with an actuated
conveyor belts on the inner side of its ﬁngers( actives surfaces), they are used to control the
adhesion between the ﬁngers and the grasped object in different manipulation phases. The
ﬁgure 1.9 shows the CAD model of the Velvet fingers in a general conﬁguration.
Figure 1.9: Velvet fingers in a general posture
(Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
The gripper is actuated by three motors: one for the movement of the phalanges and the
other two for the actuation of the active surfaces. The gripper is equipped by 5 magnetic
encoders: one encoder reads the posture of the proximal phalanges, one encoder for each
distal phalanx to measure its angle with respect to the proximal one, and other two for the
control of active surfaces [8].
1.7.1 Kinematic structure of the fingers
Every ﬁnger of the gripper is a RR planar manipulator and the proximal phalanges rotate
symmetrically respect the palm thanks to gears placed inside of it. Coaxially at each gear a
pulley for timing belt is placed and transfers the torque to another pulley (pulley 2), hinged
free in the same rotation axis of the proximal phalanx; the latter transfers the torque to the
pulley ﬁxed at the distal phalanx (pulley 1), by another timing belt (timing belt 1). Between
the phalanges there is a spring that helps to keeps they aligned.
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Figure 1.10: Kinematic structure of one ﬁnger of the Velvet fingers.
This kinematic structure performs a V-like free closure when the contact surfaces of
the object are only on the distal phalanges or when it’s absent. In the contrary, when the
contact surfaces of the object also contact the proximal phalanges, there is the rotation of
the distal phalanges occurs, in order to ensure an enveloping grasping around the object.
These typologies of grasping are shown in the ﬁgure 1.11.
Figure 1.11: Free hand closure movement (on the left) and constrained enveloping closure around a cylindrical object (on
the right), (Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
This kinematic structure recalls the one of the Velo gripper, in fact both grippers can
grasp a wide variety of objects, unlike others as [4][5][6] that are limited by their stiff
and/or equipped with low Dof kinematic structure.
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1.7.2 Active surfaces
The active surfaces are implemented with a controlled belts; the belts on the same ﬁngers
are coupled and actuated by a motor ﬁxed on the distal phalanx. These surfaces were imple-
mented in the gripper to obtain the ability to simulate different friction conditions between
ﬁngers and object (variable friction) and give the ability at the gripper to exert tangential
forces (propulsive actions), the variation of the friction can be exploited to switch between
different grasping conﬁgurations while propulsive actions allow to actively manipulate ob-
ject in hand. An example of in hand manipulation performed by exploiting propulsive
actions of the active surfaces is shown in the ﬁgure 1.12.
Figure 1.12: Rotation of the grasped object (a, b, c, d), translation (f,g), simultaneous rotation and translation (e,h), thanks to
the combination of the two movements (Courtesy of Centro di ricerca E. Piaggio Università of Pisa).
The use of active surfaces allows to increase much the dexterity of the gripper, making
it able to change posture of the grasped object, without having to release it and grasp it
again with a different orientation of the EE. Moreover, if this gripper hadn’t got the active
surfaces it would fall however in the category "Dexterous gripper", thanks to its kinematic
structure which enables it to adapt to different shape and size of the grasped object. In the
Velvet fingers the informations regarding the posture of the grasped object is provided by an
external camera ﬁxed on the top of the palm and not represented in the ﬁgure 1.12.
Another gripper equipped by active surfaces is the Robotic end effector but differs in
the belts’ path: in that gripper there is one belt for each pair of jaw, instead in the Velvet
Fingers the belt of one ﬁnger are independent by the ones in the other ﬁnger, so it’s possible
to exercise a suction of the object useful when only two adjacent surfaces are accessible,
but you can not exert a torque on the object. For the grasping and the manipulation of the
objects, the performance of the Velvet finger are considered more useful than the ones of the
grippers seen before.
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1.8 Robotiq Adaptive Gripper S model
This Gripper is a robotic peripheral that is designed for industrial applications, but differs by
the other conventional industrial grippers by the high dexterity. This EE has three articulated
ﬁngers with three joints. Two ﬁngers are able to approach or remove their tips, maintaining
the symmetry plane of the gripper. The ﬁgure 1.13 shows the gripper and the movement of
the ﬁngers.
Figure 1.13: Robotiq Adaptive Gripper S model.
The gripper can grasp the object with different modalities:
1. in the basic mode, all the ﬁngers remain parallels. It is the most versatile operation
mode and it is suitable for objects having one dimension bigger than the two others
and can grip a large variety of objects;
2. in the wide mode, the ﬁngers B and C are at opposite. It is optimal for gripping round
or large objects;
3. in the pinch mode, the ﬁngers B and C are close. It is used for small objects that have
to be picked precisely. This Operation Mode can only grip objects between the distal
phalanxes of the ﬁngers;
4. in the scissor mode, the closing movement is constituted by the approach of the ﬁn-
gers B and C, it’s used primarily for tiny objects. This mode is not very powerful but
is precise. In scissor mode, it is not possible to surround an object. Here, ﬁngers B
and C move laterally towards each other while ﬁnger A remains blocked.
The movement of the closing and opening of the ﬁngers is performed with a single input
from a user. Each ﬁnger isn’t controlled independently; the gripper itself closes each ﬁnger
until it reaches a stable conﬁguration on an object or against the gripper palm, but the user
can know the velocity and the applied forces for each ﬁnger [9].
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Figure 1.14: Structure of one ﬁnger.
The torque is applied at the ﬁrst joint and the ﬁnger rotates rigidly around this during
a free closure. Thanks to the kinematics of the ﬁngers, if the movement of the proximal
phalanx is hindered by an object the other phalanges turn around the second joint and if the
movement of the medial phalanx is also hindered the distal one turns around the third joint.
Two types of grips occur when the EE closes on an object: ﬁngertip grip or encompassing
grip. In the ﬁngertip grip an object is only held by the distal phalanxes; this type of grip is
similar the way to work of conventional industrial parallel grippers. In the encompassing
grip the ﬁngers surround the object. The object is encompassed within the ﬁngers and the
stability of the grip is not relied to friction. The ﬁgure 1.15 shows the two grasping types.
Figure 1.15: Fingertip grip (a) and Encompassing grip (b).
The ﬁngertip grip can only be performed when the ﬁngers touch the object with the
distal phalanges ﬁrst. Inversely, in an encompassing grip, the ﬁngers touch the object with
the proximal or medial phalanges ﬁrst. Also, to ensure stability, the object should be held
against the gripper palm before performing an encompassing grip. The ﬁngers of the gripper
have one joint more respect to [8] to confer a high adaptation capability.
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1.9 3D Printed Under-actuated Hand
This gripper has four ﬁngers actuated by only one motor and it is able to adapt itself at
the different objects shape. Its principal characteristic is the low cost obtained thanks to
the realization of the structural components with rapid prototyping manufacturing, such as
3D printing and shape deposition manufacturing (SDM). The ﬁgure 1.16 shows the gripper
connected to a robot end [10].
Figure 1.16: Prototype of 3D Printed Under-actuated Hand.
The weight of this gripper is 400 g; its maximal grip force is 10 N, measured with a load
cell clamped between plates spaced 28 mm apart. To perform an adaptive grasping, using
only on motor, it was necessary design an appropriate differential system and a ﬁngers’ ge-
ometry.
1.9.1 Finger design and differential system
Each ﬁnger has two phalanxes connected by elastic elements and it is actuated by a tendon
ﬁxed oa the tip. The tendon passes through a guide made within the phalanges.
The ﬁngers are designed to have minimal number of parts so, after the manufacturing, the
rigid parts of the ﬁngers are a single element connected by thin-walls used how molds for
containing the ﬂexure elements and the ﬁngerpad material. These mold walls can be broken
off after the materials have been poured and cured. In order to assist with the adhesion
between the poured materials and the 3D printed base, there is a series of small dove-tail
joints distributed along the length of the ﬁngerpad. The shape of one ﬁnger is shown in the
ﬁgure 1.17.
CHAPTER 1. STATE OF THE ART 15
Figure 1.17: Structure of one ﬁnger and route of tendon.
The elastic elements in one ﬁnger haven’t the same size, because to provide the largest
amount of adaptability to out-of-plane contact and not excessive low torsional stiffness,
the distal elastic element has a greater thickness than the proximal, so the adaptability to
out-of-plane contact is obtained only thanks to a low torsional stiffness of proximal elastic
element. As regards the differential system, it is a combination of pulleys and rods, because
easy to realize by rapid prototyping manufacturing. As can be seen in the ﬁgure 1.18, this
Figure 1.18: Diagram of differential system.
differential permits at each ﬁnger to perform a complete closure also when the movement
of the others ﬁngers is constrained by the object; all is actuated by only one motor. The
major ability to grasp is allowed by the low stiffness of joints, that is absent in the others
grippers. As [7] and [9], this gripper hasn’t got active surfaces, so it can’t manipulate the
grasped objects.
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1.10 Considerations about the state of the art
When we do a comparison among several grippers, the most difﬁcult part is always to
determine a criteria to quantify their performances. In this section a criteria to evaluate the
shown grippers will be explained to helps the understanding of how the devices are been
compared, without pretending to provide a precise and rigorous method of evaluation. The
performance of a gripper should be always evaluate with its complexity, so this two aspects
will be considered conﬂicting. For the comparison we will evaluate the versatility (V) and
the complexity (C) of each device. The skills regarding the versatility are the adaptivity and
the dexterity of the grippers, the second one intended as the ability to confer at the grasped
object some controlled Dof. Instead the skills regarding the complexity of the devices will
depend on the kinematic structure, the number of the employed motors and sensors.
The considered characteristics for the evaluation of the versatility (V) are: the number
of the DoFs given to the object, named added degrees og freedom (AD), the number of
the pairs of opposing surfaces (OS), and the number of deformable surfaces increasing the
adaptability (DS). Instead the characteristics for the evaluation of the complexity (C) are:
the number of the kinematic structure’s DoF (ND), the number of the employed motors (M)
and the number of the sensor (S). To calculate the versatility and the complexity of each
gripper, their characteristics will be added considering different weights, as shown in the
following equations:
V = 3AD+OS+DS Versatility
C = ND+2M+S Complexity (1.1)
The table 1.1 lists the considered skills for each gripper shown in the state of the art.
Table 1.1: Skills of interest for the different grippers presented.
Gripper AD OS DS ND M S
Gripper for space 0 3 0 3 3 9
DX-Grip-II 2 1 1 4 4 2
Robotic EE 2 2 1 5 4 0
Traction gripper 0 0 0 2 2 5
Roll-on gripper 3 1 0 6 6 3
Velo gripper 0 2 0 4 1 0
Velvet ﬁngers 2 2 0 6 3 5
Robotiq 0 3 0 10 2 6
3D - Printed 0 0 8 8 1 0
The table 1.1 highlight that only some gripper can perform the in hand manipulation,
moreover they have a not high number of DoF. Instead other grippers have a lot of DoF and
they can’t manipulate the grasped object because designed with the only requirement on
adaptability.
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The table 1.2 lists the versatility (V) and the complexity (C) calculated for each gripper.
Table 1.2: Comparison between the different grippers.
Gripper V C
Gripper for space 3 18
DX-Grip-II 8 14
Robotic EE 9 13
Traction gripper 0 11
Roll-on gripper 10 21
Velo gripper 2 6
Velvet ﬁngers 8 17
Robotiq 3 20
3D - Printed 8 10
By the table 1.2 we can see that the gripper able to perform in hand manipulation, the
DX-Grip-II, the Roll-on gripper, the Robotic EE and the Velvet fingers, have an high versa-
tility which leads to an increase of the complexity due to the implementation of controlled
motors necessary for a proper in hand manipulation. The high versatility of the others grip-
pers is due to the number of the pairs of opposing surfaces, so an high number of DoF of
the structure, without in hand manipulation capability.
From this comparison we can afﬁrm that to give in hand manipulation capability at the
gripper, it must be equipped with controlled Dofs, which inevitably increase the complexity
of the device.
Chapter 2
Performance Requirements
In this chapter the characteristics of the gripper, in terms of grasping adaptivity and manip-
ulation, will be deﬁned. To understand the choices made, strengths and weaknesses of some
grippers mentioned in the state of the art will be evaluated and by these, the kinematic struc-
ture and its degrees of freedom will be chosen to satisfy the required tasks. Furthermore
will be a lot of attention on how to give the possibility at the gripper to perform the in hand
manipulation, because of considerable interest for many applications ﬁelds and it allows a
substantial increase of gripper’s dexterity. In the ﬁrst section the kinematic structure will
be chosen considering the several grasping methods using the contact forces; following the
grasp stability and then the in hand manipulation will be analysed.
2.1 Choice of the kinematic structure and its DoF
The gripper will be employed in not structured environments, it will grasp little objects
with different shape and a maximum mass of 1 kg. For a correct design of a gripper, it’s
necessary to choose how it must grasp the objects (from bottom, using opposing surfaces,
using near surfaces) and then to determine the necessary number of articulated elements and
the degrees of freedom of the structure. Everything must be done considering some aspects
as encumbrance of grasp mechanism and the maximum lift acceleration.
2.1.1 Grasping methods
As cited in the state of the art, the design regards a mechanical gripper, so only methods
using contact forces will be considered. The grasping method less diffused is the one from
the bottom surface because it requires at the gripper the tapered extremities able to creep be-
tween the object and the support surface, it needs also of a vertical surface so as not to slide
the object. The stability of this grasp depends on the friction coefﬁcient with the surface
of the EE, that limits the maximum horizontal component of acceleration during handling,
that will be:
a= µs ·g (2.1)
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Figure 2.1: Grasping method bottom surface.
If the friction coefﬁcient is high enough the object could tip, this case depends on the
distance of the centre of mass from the surface and on the shape and size of the support
surface; the tipping can be easy countered grasping the object also on the upper surface. A
gripper using this grasping method is the Roll-on gripper and it can also perform a grasp
acting on opposing surfaces, ability increasing its versatility. In this second case, consider-
ing vertical and parallel surfaces for simplicity, the maximum component of acceleration in
opposing sense of the gravity acceleration will be:
a=
2N ·µs
M
−g (2.2)
So it not only depends on the friction coefﬁcient but also on the grasping force N and the
object’s massM; obviously a minimal contact force to prevent the fall of the object must be
exerted, which is not necessary in the ﬁrst way of grasping. The grasp by opposing surfaces
allows to have a more grasping control and higher stability during handling, acting on the
closure force.
Figure 2.2: Grasping method by opposing surfaces.
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This second type of grasp can be performed by most of the gripper seen and it’s also
executable equipping the device with a single degree of freedom. A more stable grasp is
achieved when the elements of the articulated gripper perform an enveloping grasp on the
object as seen in [8],[10]; however these grippers have a kinematic structure with more
degrees of freedom to adapt itself at the object shape and if the device is facing down, the
acceleration of maximum lift is greater with respect the other grasp.
The adaptivity to the shape depends on the number of element composing the struc-
ture of the gripper and their degrees of freedom; the most adaptable gripper seen is the 3D
Printed Hand, thanks to its deformable joints not present in others ones. The high compli-
ance increases the adaptivity but decreases the manipulation control because the external
forces will determine the object orientation relative to the gripper’s reference system; this
behaviour isn’t desired when you are going to perform manipulations and experiments that
require high precision and control. These aspects will be considered in the next section. The
third method of grasp that we want to get, it’s by adjacent surfaces. The ﬁgure 2.3 shows an
example of this kind of grasp and the forces generated on the object.
Figure 2.3: Grasping method by adjacent surfaces (a) and forces applied on the object (b).
By the ﬁgure we can see that the force T1 is equal to the sum of inertia force with the
normal force N2, but the tangential force T2must balance only the force N1; considering the
equilibrium equations, the strongest grasp is achieved with high value of tangential forces
so as normal ones, given their close relation. To increase these values, the gripper must
perform a suction of object with a system exerting tangential forces that pull the object
inward the gripper and the consequence, as indicated by the equilibrium equations, is the
increase of the normal forces and therefore also of the maximum exercisable tangential
forces.
A system able to perform a suction is the [] and [8] using actuated belts. This systems
are of simple implementation and allows a signiﬁcant increase of grasping performances, so
it will be taken into consideration for the design of our device. Showing the three grasping
methods, the number of contact point wasn’t considered because it was used a gripper model
with only two jaws and also because it’s an aspect will be seen in the following subsection.
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2.1.2 Grasping of objects
This device must be able to adapt itself at the shape fo the objects, so its adaptivity will
depends on the number of links and how their motion will be managed. Revolve joints
will be used and not prismatic ones because of simple implementation and less dimensions,
in fact almost all of the grippers seen before use this kind of connection. To evaluate the
necessary number of links, we will see some kind of grasps starting by a gripper with only
two ﬁngers and increasing once again the number of elements so of contact points, as shown
in the ﬁgure 2.4.
Figure 2.4: Grasp with two contact points (a); with three contact points (b); with four contact points (c).
The shown grasps are simply plane models, but enough to make the necessary consid-
erations. In addition to the number of contact points the normal directions at the contact
surfaces are important to evaluate the grasp stability, another factor is the friction coefﬁ-
cient but in follow analysis it will not be taken into consideration. The ﬁrst grasp uses only
two contact points and allows to easy understand the inﬂuence of the normal directions at
the contact surfaces on the object’s degrees of freedom, as showed in the ﬁgure 2.5.
Figure 2.5: Grasp with two contact points, with different normal directions at the contact surfaces.
In the grasp on the left the normals are parallel to Y direction and in opposing sense,
so the grasp is equal to a bidirectional constraint in Y direction; the rotation around Z and
the translation along X are free and can be limited only by frictional forces. Instead in the
second grasp the two normals have arbitrary directions and, considering the unilateral con-
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tacts, the object can’t move in -X direction and not even exclusively translate along Y, long
as it remains grasped.
As is evident in the ﬁgure the object can rotate, it can move along +X and translate along the
perpendicular directions at the two normal but with positive X component. These consider-
ations underline the inﬂuence of the normal directions, in particular their relative angle, on
the object’s Dof. As regard the grasp with three contact points, seeing the orientations of
the normals you can have two main cases, reported in the ﬁgure 2.6.
Figure 2.6: Grasp with three contact points.
In the ﬁgure on the left the imposed constraints are the same to the ones seen in the
ﬁrst picture of the grasping with two contact points, but the object can’t move along - X,
so it was added one unilateral constraint in X direction. In the ﬁgure on the right the three
normal directions have angles each to another different from multiples of pi/2, so the grasp
allows at the object only the rotation around Z.
From the two grasps seen, adding one contact point with a proper normal direction,
the increase of the stability of the grasp is evident. Not considering the rotation around
Z, the last grasp shows that three contact points are enough to completely constraint both
directions of translation but there is the possibility to occur the ﬁrst grasp, where the objects
isn’t completely constrained. To reduce the possibility to fall in this last case we can use a
grasp with four contact points and, thanks to these, the object results completely constrained
also if the normal directions at the contact surfaces are in pairs coincident, as shown in the
ﬁgure 2.7.
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Figure 2.7: Grasp with four contact points, the normal direction in A is the same of D and
the one in B is the same of C.
In the images seen so far the links of the grippers are in number equal to the one of
contact points, but naturally it can be greater. In the last ﬁgure the gripper has a pair of
ﬁngers with two phalanges each one, so it’s the only that can use four contact points and it
can also perform the others kinds of grasp. From the considerations done, a gripper with
four links can perform a more stable grasp not granting unwanted lability to the object; it
can also adapt itself at the object’s shape, thanks to its more degrees of freedom.
For our device will be used this last structure and, to reduce the gripper’s complexity, it
will be plane as the grippers [8] [7], which leave at the friction forces the application of the
components in Z direction; another reason is that to add a third ﬁnger in a different plane
improve only the stability of the second kind of grasp obtainable increasing the grasping
force, so it doesn’t justify the substantial increase of the complexity and of all factors related
to it. Each ﬁnger will also be equipped with the under-actuation as shown for the Velvet
fingers, that allows to adapt the device to the shape of the object without having all the
joints actuated.
One must remember that the device is intended to be mounted on the wrist of a robot and
then for its posture with respect the object, the three degrees of freedom of the wrist can be
used, in particular the roll angle.
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2.2 In hand manipulation
The in hand manipulation consists in imposing at the grasped object controlled displace-
ments, keeping the grasp. Has been shown analytically that the gripper under-actuated with
the kinematics proposed and the phalanges equipped with active surfaces, or rather surfaces
able of exerting tangential actions on the object, and vary the coefﬁcient of friction, have a
capacity of handling higher than that possessed by the corresponding version fully imple-
mented without active surfaces. Thus the solution provides two ﬁngers implemented with
two independent sub-phalanxes, each one equipped with active surfaces.
In this section will be considered the possibility to use active surfaces as the ones seen
in the grippers [4][8][5][6] to improve the gripper dexterity. A drawing of the gripper with
active surfaces on each phalanx and its model are shown in the ﬁgure 2.8.
Figure 2.8: Gripper with four links equipped by active surfaces and its model.
The goal of this section is to determine which DoF is convenient to implement and
which it isn’t, to maximise the gripper manipulability. Overall the device has four rotational
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joints of the structure and other four prismatic by the active surfaces; in the several cases
which will be analysed some DoF will be actuated and other not.
2.2.1 Manipulability ellipsoid concept
The capability of the end effectors to arbitrary change the object’s position or orientation
is synthetically described by the manipulability ellipsoid in velocity. Considering the joint
velocities group, the equation 2.3 describes the points on a sphere’s surface in the velocity
space of the joints.
q˙T q˙= 1 (2.3)
The goal is to characterize the velocities in the operative space, obtainable by a give
group of joints’ velocities in an assigned posture. Using the differential cinematic equation
solved in therms of joints’ velocities, not shown here, and considering the general case
of redundant manipulator in a non singular posture, we obtain an ellipsoid; the object can
move itself fast along the greater axis’ direction and slowly along the shorter axis. So we
can understand that the ellipsoid represents the manipulation capability of the structure,
evaluated in relationship with the velocities.
The directions of the ellipsoid’s axes are indicated by the eigenvectors ui for i = 1 . . .r
of the matrix JJT , instead their dimensions by the singular values of J, σi =
√
λi(JJT ) for
i = 1 . . .r, where λi(JJT ) indicates the general eigenvalue of JJT . A global representative
dimension fo the manipulation capability is the ellipsoid volume, proportional to:
W(q) =
√
det(J(q)J
T
(q)) (2.4)
This volume is named manipulability measure. The volume depends on the gripper’s
posture and it is equal to zero in a singular conﬁguration, so to make comparisons on the
same device with different actuated joints, the conﬁguration must be ﬁxed and not in singu-
larity [11].
2.2.2 Manipulability evaluation
The manipulability ellipsoid concept will be used, in particular the ellipsoid volume, to
evaluate the gripper’s dexterity for different choices about the joints to make active. Our
device is a planar system so the ellipsoid will be degenerate in perpendicular direction of
gripper’s plane, of consequence will don’t calculate the manipulability ellipsoid volume but
ellipse area. Naturally the area depends on the gripper’s posture, so its evaluation will be
done considering two different conﬁgurations. The ﬁrst is showed in the ﬁgure 2.8 where
the gripper envelops the object; instead the second one is a tip grasping, so the object is
grasped only by the distal phalanxes. The conﬁgurations are represented by the following
coordinates:
q1 = q4 = pi/4; q2 = q3 = pi/2; xi = Li/2; i : 1 . . .4 Enveloping Grasp
q1 = q4 = pi/4; q2 = q3 = 0; xi = Li/2; i : 1 . . .4 Tip Grasp
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Where the letter Li indicates the length of the phalanx i. From the manipulability evaluation
developed in [8] the maximum volume of the ellipsoid for the two posture is obtained with
the under-actuation of the ﬁngers, one motor placed in one ﬁrst joint for their closure and
with the implementation of the active surfaces. The ﬁgure 2.9 shows the obtained manipu-
lability ellipsoids for the two postures.
Figure 2.9: Manipulability ellipsoid during an enveloping grasp in (a) and a tip grasp (b). The actuated joints are green and
the driven ones are red (Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
For our gripper the active surfaces will be realized with modular systems mounted on
each phalanx, so the four active surfaces will be independent each other. The use of only
one motor for both ﬁngers, as advised by the manipulability evaluation, will be employed
only if its dimensions will be compatible with those of the device. If a motor of excessive
size is necessary, then one smaller motor for each ﬁnger will be used.
Chapter 3
Conceptual design
3.1 Gripper’s structure
The kinematic structure of the gripper will be the one showed in preview chapter, namely
two mirrored ﬁngers equivalent to two RR planar manipulators. From the considerations
done, implementing the sub-actuation, the full actuation of the ﬁngers to grasp and manip-
ulate the object is unnecessary. To mechanically implement it, a free pulley at the ﬁrst joint
will be placed, the torque is applied at this component and transmitted at the second joint by
a mechanical transmission. Doing it the gripper perform a free closure with the phalanges
aligned and, when the contact forces constraint the proximal ones, the distal phalanges start
to move. Between the ﬁrst link to the second one a pre-load torque must be foresee because
the phalanges must be aligned when the gripper is open and face down, and also during the
free closure.
3.2 Actuation of the fingers
The gripper is composed by a frame called palm on which two actuated ﬁngers are mounted.
Each ﬁnger is composed by two phalanges: the ﬁrst called proximal phalanx hinged at the
palm and the second one called distal phalanx hinged at the ﬁrst. As written before the
gripper’s ﬁngers are equal each other so the following analysis will treat only one ﬁnger,
but all the considerations made and the obtained results will be valid for both. As regards
the method of closure, retracing the state of the art, among the grippers presented the one
with a more interesting kinematics is the Velvet Fingers. The kinematic mechanisms for the
phalanges, divided according to the drive system, are presented below. The kinematic mech-
anisms with gears haven’t got been taken into consideration because of excessive weight and
volume.
3.2.1 Examples of kinematics mechanisms
In this subsection will be shown three mechanism: with belt, tendons and rod. One example
of mechanism with belt is shown in the ﬁgure 3.1.
27
CHAPTER 3. CONCEPTUAL DESIGN 28
Figure 3.1: Kinematic mechanism with belt.
This mechanism has two pulleys for timing belt: the ﬁrst pulley is hinged to the frame
and the second is integral with the distal phalanx. In the ﬁgure the mechanism presents the
proximal phalanx constrained to simulate the contact with the object, the torque is applied
at the ﬁrst pulley and, considering the transmission ratio, by turning the pulley you can tilt
the phalanx to the desired angle.
In this mechanism, following the application of a load to the distal phalanx, from the
equilibrium to rotation around the second joint, the belt exerts a resisting torque having an
arm which don’t depends on the mechanism’s posture and the phalanx stroke isn’t limited
by it, but only by its shape. The negative aspects are the large dimensions of pulleys and
belts.
The second kinematic mechanism uses tendons, as shown in the ﬁgure 3.2.
Figure 3.2: Kinematic mechanism with tendons.
The mechanism in the ﬁgure 3.2 has two tendons of the same length and their lower
ends are anchored at one element hinged to the frame and the other ends are anchored at the
distal phalanx. The torque is applied at the hinged element and, considering the different
distance of ends, by turning this element you can tilt the phalanx to the desired angle. The
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line joining the two anchor points on the frame has an inclination of 45°relative to the sym-
metry plane of the gripper, this avoids conﬁgurations of singularity (alignment of the four
anchor points with the two hinges) during the entire travel of the proximal phalanx (90°).
With respect to the previous mechanism, following the application of a load to the distal
phalanx, from the equilibrium to rotation around the second joint, the tendon exerts a resist-
ing moment having an arm which depends on the mechanism posture and also the stroke of
the phalanx is limited by the mechanism’s singularity. The positive aspect is the small size
of the tendons. The ﬁgure 3.3 shows the last considered mechanism, which uses a rod.
Figure 3.3: Kinematic mechanism with rod.
The rod in the ﬁgure is mounted over the proximal phalanx, this involves that when
the gripper grasps an object, the rod is compressed and risks the instability; instead, by
mounting the rod under the phalanx, it is pulled and therefore don’t risk instability. In the
picture the mechanism has the proximal phalanx constrained to simulate the contact with a
rigid object and one rod attached at one end to an element hinged to the frame and the other
end is connected at the distal phalanx.
The rod can be mounted under the phalanx, getting the beneﬁts before mentioned. The
torque is applied at the hinged element and, considering the different distance of the ends,
by turning the element you can tilt the phalanx to the desired angle. This mechanism is
easier to build than the others two, but the rod is a stiff element and therefore it cannot
easy ﬁt in the available space and the stroke of the distal phalanx is limited by the contact
between rod and the proximal phalanx.
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3.2.2 The chosen mechanism
Among the mechanisms seen, the one with rod is the only using a not ﬂexible element, so it
don’t permits to realize a compact ﬁnger and also has the problem of reducing the stroke of
the distal phalanx to avoid singularity conﬁgurations. Instead, the other two mechanisms use
ﬂexible elements and so it’s possible take advantage of it reducing the ﬁngers’ dimensions
and use little spaces otherwise untapped and they are preferable to the one mentioned above.
Making a comparison between the kinematic mechanisms with belt and those with ten-
dons, the ﬁrst need of appropriate pulleys, the timing belt is wider than tendons and it
occupies more space in the thickness direction; so it will be used a mechanism with tendons
between ﬁrst and second joint and, to transmit the torque at he ﬁrst pulley, a timing belt
will be used because more easy to mount and because in the palm there are less problem of
encumber. The ﬁgure 3.4 shows a scheme of one gripper’s ﬁnger.
Figure 3.4: Kinematic scheme of one gripper’s ﬁnger.
The transmission from ﬁrst to second joint is realized by two tendons anchored at one
end to the distal phalanx and the other end at the pulley in the ﬁrst joint; the register system
will be on the distal phalanx. Moreover, the transmission with timing belt will have a
tensioning system in the palm. The choice of the stiffness and pre-tensioning of the spring
will be done considering dynamic and static equilibrium of the ﬁnger, that will be explained
subsequently.
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3.3 Implementation of the under-actuation
The mathematical equations describing the posture of one ﬁnger, referring to the ﬁgure
below, are reported in the ﬁgure 3.5.
Figure 3.5: Gripper’s ﬁnger with coordinates.


s= r1q1+ r2q2
x= l0+ l1 cos(q1)+ l2 cos(q1+q2)
y= l1 sin(q1)+ l2 sin(q1+q2)
(3.1)
In the equations, the generalized displacement of the motor placed in the palm is indicted
with s and the coordinates of the ﬁnger’s tip with x and y. The therms l1 and l2 are the
lengths of the phalanxes, proximal and distal respectively; instead l0 is the distance between
the ﬁrst joint and the symmetry plane of the gripper.
In following considerations the only term to be determined is the transmission ratio
r1/r2, the choice of which involves the proper closure of the device; When the gripper grasps
a little object the proximal phalanges come in contact with it and if the distal ones come in
contact with each other, two cases can happen: i) ﬁngers tend to straighten (δq1 > 0) keep-
ing the grasp, ii) ﬁngers tend to bend (δq1 < 0) losing the grasp.
The task is avoid the case ii), so the transmission ratio must be chosen so that the clo-
sure condition δq1/δ s > 0 is respected for every value of q1 and q2 belonging the gripper
workspace. By differentiating the equations we obtain

δ s= r1δq1+ r2δq2
δx=−l1 sin(q1)δq1− l2 sin(q1+q2)(δq1+δq2)
δy= l1 cos(q1)δq1+ l2 cos(q1+q2)(δq1+δq2)
(3.2)
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Solving the ﬁrst equation for δq2, substituting it into the second and imposing δx = 0 for
symmetry conditions, we obtain the relationship
δq1 =
l2 sin(q1+q2)/r2
l2 sin(q1+q2)(
r1
r2
−1)− l1 sin(q1)
δ s (3.3)
Considering the design constraints 0< q1+q−2< pi and sin(q1+q2)> 0, the closure
condition is satisﬁed when
r1
r2
>
l1 sin(q1)
l2 sin(q1+q2)
+1 (3.4)
Introducing the object dimension a the relation can be rewrite as follows
r1
r2
>
√
l1
2−a2
l2
2−a2
+1 (3.5)
Where l0 is neglected since in our device is l0 << l1 and l0 << l2. From this last relation
note that for l2 ≥ l1, with a ratio r1/r2 > 2 the closure condition is certainly satisﬁed [8].
For a more accurate veriﬁcation, the trend of the required transmission ratio in function
of the object dimension a is analysed to chose the values r1 and r2 for our transmission. With
te real dimensions that will have the gripper: L0 = 16mm, L1 = 45mm and L2 = 75mm, the
graph of the function c(a) =
√
L1
2−(a−L0)2
L2
2−a2
is shown in the ﬁgure 3.6.
Figure 3.6: Required transmission ratio in function of the dimension of the object a.
With r1 = 13mm and r2 = 7mm, the veriﬁcation of closure condition is the followed.
1+ cmax = 1.62=
(
r1
r2
)
min
<
r1
r2
= 1.85 (3.6)
The closure condition is veriﬁed.
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3.4 Active surfaces
Each active surface will provide the single phalanx of an actuated and controlled trans-
lational Dof. it mustn’t be constrained by end stroke as a prismatic guide that limits the
relative movement of the object with respect to the phalanx, but it must able to work con-
tinuously and independently by the position reached during the previous grasp. To ensure
this continuity, the active surfaces will be designed as the conveyor belts supported by two
cylinders, one of which imparts the motion.
Figure 3.7: Scheme of active surface
To obtain the information of the contact forces exercised by the object, as position and
intensity of resultant force, it’s necessary equip the surfaces of appropriate sensors. One
unique sensor able to provide all these information, and further, is a 6-axis sensor; the
constraint imposed by its using it’s the necessity to realize a sub-assembly for the active
surfaces and the sensor must be the only connecting element between them. A drawing
below shows the conceptual structure following for the active surfaces’ design.
Figure 3.8: Conceptual drawing of active surfaces.
In the system there will be also an encoder needed to control the motor, by its angu-
lar position. Thanks to the 6-axis sensor we can know the resultant forces and the torques
acting on the system. These readings are used to have useful information about the con-
tact with objects and also to perform interesting simulations, as explained in the following
subsections.
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3.4.1 Contact point evaluation
By the read of the sensor we can know the resultant forces and the torques acting on the
system, compared to the three reference axes of it, giving the chance to study the inter-
changed forces during experiments performed in different grasping conditions. The ﬁrst
ability of the system is the evaluation of contact point on the surface, obtainable by writing
the equilibrium equations of the following scheme.
Figure 3.9: System scheme with applied forces in a generic point "C".
The reference system of the sensor is indicated by S(O,x,y,z).
The dimension H is ﬁxed because it depends on only by the system’s geometry, instead
the values cx and cy depend on the distribution of contact pressure and are the values to
determine. Calling with Ti the torques read by the sensor, the equations used to evaluate the
coordinates of the point C are the following (the forces and the dimensions must be taken
with sign).
Cx =
Fx ·H−Ty
Fz
(3.7)
Cy =
Tx+Fy ·H
Fz
(3.8)
Thanks the 6-axis sensor we can obtain the position of resultant of contact pressure also
during the actuation of the active surface; moreover the reading of the position is not affected
by any relative sliding between the object and the belt and/or cylinders and belt. Moreover
an algorithm to determine the contact point on the ends of the belt will be also implemented
in the control. The ﬁrst step to realize this algorithm is to determine the contact point
coordinates whit respect a reference system placed on the cylinder’s axis and to write the
equilibrium equations; the second step is to replace the forces and the torques with the ones
read by the sensor, using the transport theorem.
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The ﬁgure 3.10 shows a generic contact on the cylindrical surface and the adopted ref-
erence system.
Figure 3.10: Representation of a contact on the end of the belt, with a reference system on the cylinder’s axis.
Forces and torques with respect the coordinate system in the ﬁgure are the follows:

Fx = FT1 sin(θ)−FN cos(θ)
Fy = FT2
Fz =−FN sin(θ)−FT1 cos(θ)
Mx =−FT2Rsin(θ)−Y1(FN sin(θ)+FT1 cos(θ))
My = FT1R
Mz = FT2Rcos(θ)+Y1(FN cos(θ)−FT1 sin(θ))
(3.9)
Replacing the trigonometric terms with ratios of lengths, so to switch to Cartesian coordi-
nates, the contact point coordinates can be explained as follows.
FN =
√
F2x +F
2
z −
M2y
R2
(3.10)
X1 =
MyFz−RFxFN
F2x +F
2
z
(3.11)
Z1 =
MyFx+RFzFN
F2x +F
2
z
(3.12)
Y1 =
M2x +M
2
z +F
2
y R
2+2Fy(MxZ1+MzX1)
F2x +F
2
z
(3.13)
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As written before, the forces and the toques are refereed to the indicated system; they must
be replaced with linear combination of the components read by the sensor, that naturally are
provided with respect its reference system. This last replacing is different from one end to
the other due to the changing of one dimension and so of two equilibrium equations.
Globally, there will be three algorithms to determine the contact point and the control
will use the one or the other depending on in which portion of the belt is the contact point.
The starting algorithm will be the ﬁrst, regarding the planar surface; a condition on X value
will be imposed: if this value exceeds the validity domain of the algorithm, namely of the
plane portion, another algorithm relative to the adjacent cylindrical surface will be used.
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3.4.2 Friction coefficient simulation
The second ability of the system is the simulation of the friction coefﬁcient between the ﬁn-
gers and the grasped object, thanks the read of the contact forces and exerting a tangential
force by the actuated and controlled conveyor belt. For a correct simulation, the fully ad-
hesion between the object and the belt is a necessary condition, so the belt must be covered
by ﬂexible and high friction material. In the friction coefﬁcient simulation two assumptions
are made:
1. friction is simulated in terms of its total resulting action;
2. kinetic friction is assumed equal to the maximum static friction.
The ﬁrst assumption is necessary to the physical implementation of the active surfaces and
the second one allows to simplify the control and the manipulation. The friction simulation
is obtained applying an appropriate algorithm which models the friction force as a virtual
spring as explained in [12], but not reported here because it isn’t a task of this relation.
The friction control is to provide the necessary voltage to the motor to oppose a resis-
tance to sliding of the mass equal to that which would occur if the same mass it were on a
plane characterized by a certain friction coefﬁcient. Under appropriate simplifying assump-
tions, widely met for this application, the relationship between the voltage V applied to the
motor and the tensile force applied at the belt Ft are proportional.
The voltage supplied to the motor can be considered as the sum of two contributions.
When an external tangential force is detected by the sensor, the control system provides the
motor with the ﬁrst contribution of voltage V ∗ in order to compensate the internal friction
of the system and bring the motor cylinder in the process of moving of retrograde motion
in the direction of the external force. As with the application of V ∗ the mass, if subject to
external tangential force Fext > 0, is able to move by rotating the motor cylinder, the second
contribution removes at the ﬁrst a quantity to the voltage VH proportional to the motor shaft
rotation and limited to a VL value which corresponds to a force in the tape Ft = µ∗FN .
Figure 3.11 shows the trend of the second contribution as a function of the angle of rotation
of the motor.
Figure 3.11: Diagram of tangential force.
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3.5 Sensors
In this gripper will be used two kinds of sensors:
• 6-axis sensor: used to read position and intensity of the pressure forces on the active
surfaces;
• Encoder: used to know the angular position of the cylinder.
In complex there will be one 6-axis sensor for each phalanx and one encoder for each angu-
lar variable necessary to determine the gripper’s posture and to control the active surfaces.
In following subsections is shown how the sensors are made and how they work.
3.5.1 6-axis sensor
This sensor presents itself as a cylindrical body with the thickness less than the diameter,
respectively 20.9 mm and 45 mm; provided with six threaded holes on each ﬂat surfaces,
necessary to connect it to the two concerned elements.
Figure 3.12: 6-Axis sensor.
In the ﬁgure 3.14 has been called bottom cover the lower part ﬁxed to the frame of the
phalanx, and top cover the part that will be connected to the active surface. These parts
are linked together with a central element on which the strain gauges are glued; each of
these provides a voltage signal proportional to the deformation caused by external forces.
There are not some overload pins to ensure the integrity of the strain gages. The relation
between the voltage signals obtained and the components of force and torque searched can
be represented by the following equation.
~F = [K] ·~V (3.14)
Where are indicate:
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• ~V = [V1,V2,V3, . . . ,Vn]T : vector of n voltage signals;
• ~T = [Fx,Fy,Fz,Tx,Ty,Tz]T : vector of forces and torques;
• [K] : calibration matrix of sensor [6 x n].
The elements of [K] must be determined by calibration with known loads or by a second
calibrated sensor arranged in series; if it suffers an overload, must be carried out again the
calibration. The frequency of data acquisition is generally about 10 Hz but this doesn’t
depends by the sensor, but by the control. The characteristics of the 6-axis sensor are
reported in the table 3.1.
Table 3.1: Characteristics of the 6-axis sensor.
Specifications Data
Communication CANBus2.0B,1Mbps
Output data 16bit,6channels,
Diameter 45mm
Thickness 20.9mm
Force measure range 2000N
Torque measure range 40Nm(TX ,TY )30Nm(TZ)
Force resolution 0.25N
Torque resolution 0.049Nm(TX ,TY )0.037Nm(TZ)
Weight 122g
The gripper will be provided with this sensor, but the plates of the phalanxes and the
ones of the active surfaces will have ﬁve holes in more on each to allow the mounting of a
smaller sensor with a diameter of 17 mm and a thickness of 14.5 mm, with higher resolution
but less measure range.
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3.5.2 Encoder
The encoder uses a Hall sensor and a special encoder chip housed in the main body, which
detects the rotation of the magnet and performs processing for obtaining the output signal
required. In the ﬁgure 3.15 is represented an unassembled magnetic encoder, to show every
single component.
Figure 3.13: Magnetic encoder.
The encoder is of the type absolute cyclic; the magnet is integral with the rotating body
and the plastic plate is fastened on the body, with respect to which you want to know the
position. The plastic plate has on one side a connector for the cables and, in the other side, a
magnetic sensor necessary to read the magnet orientation. The distance between the magnet
and the sensor must be not more than 0.7 mm to have a correct reading; the magnet has a
diameter of 6 mm and a thickness of 2.5 mm.
For its implementation in the active surfaces to determine the displacement of the belt,
naturally neglecting the relative scroll between cylinder and belt it self, the factors that
inﬂuence the reading resolution are: motor’s transmission ratio, system geometry and the
wonted length.
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Figure 3.14: Block diagram of the encoder of active surfaces.
The encoder’s resolution RE depends on the encoder itself but the obtained one is also
function of the rest of the system. Indicating with: L the length to be divided, D the cylin-
ders’ diameter of the active surfaces and τR the transmission ratio of the reducer, the ob-
tained resolution can be evaluated as follows.
R= RE ·
L
piD
· τG · τR = RE ·
L
2pi
· τR (3.15)
The length L depends on the experiment to realize but this equation evidences also the
importance to choice a less reduction ratio possible, to improve the resolution.
Chapter 4
Implementation of the active surface
concept
The active surfaces will be made by conveyor belts. Each phalanx will have in the inner
surface one conveyor belt supported by two cylinders of equal diameter: one actuated and
the other driven. The required characteristics at the system are the following:
• the motor must be chosen with an overload factor of OF = 1.5;
• the supply voltage of the motor must be of 24 V;
• the cylinders’ size must be smallest possible;
• the conveyor belt must be able to exert a tangential force of 10 N;
• the system must be connected with the phalanx only trough the 6-axis sensor.
The speciﬁcation on tangential force don’t regards the ﬁction coefﬁcient between the belt
and the object but it is used to calculate the resistance torque that must be won by the motor.
In this chapter will explain how the sub-assembly for active surfaces has been devised, how
each component is made and how it works.
4.1 Design of the active surfaces
In the design of the active surfaces was set as main objective the realization of a modular
sub-assembly mountable on each phalanx and with smallest size possible. To reduce the
size, it is preferred to mounting the motor and the respective reducer directly inside one
cylinder, so as to avoid the problem of the motor and the transmission system placement.
To make easy the mounting of the conveyor belt and make less complex and heavy the
support frame, the cylinders will be mounted cantilever, so the frame will have a ell shape
where: one surface is used to mounting the cylinders and the other one to ﬁx the sub-
assembly at the 6-axis sensor. What was said is explained with the aid of images in the
following paragraphs. The system mounted on the distal phalanx will be different to the
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one on the proximal phalanx because this last requires a different support frame, due to
space problems. The ﬁrst presented components will be the same for each system then the
two different support frames will be shown separately. The last paragraphs will show the
assembled systems and will also reported some notes for the installation.
4.1.1 The actuated cylinder
The motor, and the reducer connected to it, will provided by the Maxon Motor company so
the choice will done by consulting their catalogues. By catalogues were taken into consid-
eration all motors with a supply voltage of 24 V and with the maximum of nominal torque,
so as to require the smaller possible reduction ratio to reduce the losses and the inertia of
the cylinder. Once you have chosen an engine, it’s possible to connect on it only a few re-
ducers with certain reduction ratio and made with three or four epicyclic gearings arranged
in series. The main relation used for the choice of the two components is the following:
Cm · i ·ηr > OF ·T ·D/2 (4.1)
where:
• D = external diameter of the cylinder;
• T = required tangential force (10 N);
• Cm = motor’s torque in continuous operation;
• i = reduction ratio of the reducer;
• ηr = efﬁciency of the reducer.
The best found combination consist in a DC motor with diameter of 17 mm, connected
with a reducer having a diameter of 16 mm and a reduction ratio of 84:1; the characteristics
of the assembly system are summarized in the table 4.1.
Table 4.1: Characteristics of the motor-reducer assembly.
Feature of interest Value Units
Max diameter 17 mm
Length without shafts 53 mm
Output torque 249 Nmm
Reducer efﬁciency 0.73 -
Motor power 4.5 W
To mount the actuated cylinder cantilever the motor with the reducer will be placed in
a cylindrical holed body and ﬁxed by two screws placed in threaded holes in the reducer’s
head; the opposing end of the support body will be ﬁxed to the frame by four screws with
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a mounting to lag screw. To reduce the radial dimension maintaining a low ﬁction coefﬁ-
cient, a needle bearing between the cylinder and the support body is interposed; it will be
constrained at one end by a shoulder and the other end by a elastic ring. The needle bearing
allows to place the cylinder coaxially at the support body. A scheme of the actuated cylinder
is shown in the ﬁgure 4.1.
Figure 4.1: Actuated cylinder.
By the ﬁgure we can see that the motor holder has on the left, in addition to the two
holes for the reducer’s screws, a central hole for the transmission shaft. The cylinder can’t
be mounted directly on the reducer’s shaft because it’s already coaxial at the support, so it
was considered necessary to use a connection disk.
The disk is keyed on the shaft and axially constrained with a radial “grain”forced against
the shoulder on the shaft; it has on the plane surface three threaded holes to mount the
cylinder. The three holes’ gap in the cylinder allow to assemble the components without
mounting errors. The cylindrical body’s base has a square shape with chamfered vertexes
of which the lower side rests on a shoulder made on the frame and used as a reference
surface. The same shoulder on the frame will be used as reference surface to also place the
second cylinder, so to have the axis of cylinders parallel each other and on a plane in turn
parallel to the 6-axis sensor surface.
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4.1.2 The moveable cylinder
The moveable cylinder will be supported by two bearings, which will be mounted with axial
constraint on it and keyed on a pin ﬁxed at the registry system. The system will maintain
the distance between the cylinders during the belt pre-tensioning and it allows to ﬁx the
moveable cylinder without losing the position. The ﬁgure 4.2 shows how the cylinder will
be placed on the pin.
Figure 4.2: Mounting of the moveable cylinder.
The bearings’ external rings are ﬁxed at the cylinder with a tolerance of interference,
the internal ring on the right is ﬁxed at the external end of the pin and the one on the left
is axially free. The plate on which is welded the pin has a inclined side surface on which
insist an adjustment screw.
The plate has three threaded holes for the screws that can slide in slots in the frame,
before being tightened. The adjustment screw is screwed in a support, in turn screwed to
the frame, that is used also to sustain an intermediate cylinder constrained as seen for the
moveable cylinder and keyed on a shaft integral with the support. As said is shown in ﬁgure
4.3.
Figure 4.3: Registry system.
The lower edge of the plate rests on the same shoulder on which the support body of the
actuated cylinder rests, so as to have the same reference for both cylinders.
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4.1.3 The distal frame
The frame will be realized by two plates perpendicularly welded: the ﬁrst placed vertically
used to sustain the cylinders, the other one horizontally disposed used to screw the tool side
of the 6-axis sensor. To mounting the actuated cylinder, the ﬁrst plate has an hole necessary
to introduce the motor and four through holes to ﬁx the support body that will sustains the
actuated cylinder. This plate presents other two through holes to ﬁx the support for the
adjusting screw and has also three horizontal slots on which the movable cylinder can slide
before tightening. The ﬁgure 4.4 shows the vertical plate.
Figure 4.4: Distal vertical plate.
In the ﬁgure the reference surface for two cylinders cited above is indicated. By the
ﬁgure 4.4 we can note the central slot longer than the others, this was done to allow the
passing of a rod, introduced into the hollow pin of the moveable cylinder, used to exercise
the ﬂat belt’s pre-tensioning. The two threaded holes around the hole for the motor are used
to mounting a plastic carter to sustain the encoder. The plate isn’t symmetrical because we
want to make the protruding system with respect to the attachment point with the sensor, in
order to make the phalanx more tapered possible; this arrangement will not be followed for
the proximal one.
As regard the encoder, its magnet is placed on the motor rear, so it will read the position
of the motor. To know the desired belt displacement, the reading must be correct by the
transmission ratio and the cylinder’s diameter. The encoder will be screwed on a plastic
carter, ﬁxed in turn on the vertical plate by two screw; moreover the magnet is ﬁxed on the
rear shaft of the motor by an adapter, also in plastic material, ﬁxed by glue. The ﬁgure 4.5
shows the mounted encoder.
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Figure 4.5: Encoder for the distal frame
The horizontal plate, necessary to ﬁx the 6-axis sensor, will be welded at the vertical
plate’s lower part and will be realized by a simple plate with the holes for the sensor. There
will be ﬁve holes in more, so to give the possibility to mount another smaller sensor.
The surface on which will be screwed the sensor must be perpendicular to the inner sur-
face of the vertical plate on which the cylinders are mounted. Imposing the perpendicularity
of the cylinders’ axis with the respective ﬁxing surfaces, the parallelism between the lower
surface of the sensor and the active surface is satisﬁed, within the limits of the geometric
tolerances of machining. This plate will be the same for each system, there will be four in
the whole system, so will not cited again for the proximal phalanx frame. The ﬁgure 4.6
shows the horizontal plate.
Figure 4.6: Horizontal plate.
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4.1.4 The proximal frame
The proximal frame presents some differences from the proximal one. To reduce the ﬁnger’s
width, the encoder is been placed in a different position with the axis doesn’t belonging at
the plane deﬁned by the cylinders’ axes, as is evident in ﬁgure 4.7.
Figure 4.7: Proximal vertical plate.
To convey the motor position a timing belt is been used which starts from a pulley glued
on the rear shaft of the motor, to a second pulley of same size hinged on a special pin
screwed on the frame.
As cited for the distal frame, the encoder is screwed on a plastic carter in turn ﬁxed at
the frame by two screw but, due to the different arrangement, the carter’s shape is different
because it must allows the timing belt passage. The milling showed in the ﬁgure are realized
to approach the belt at the plate, so to reduce the size. The ﬁgure 4.8 shows the encoder and
how it will be mounted.
Figure 4.8: Encoder for proximal phalanx.
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4.2 Employed materials
In the system we can distinguish two kinds of components: the ones realized by turning
machine and the others by milling machine. All components must be lighter possible.
4.2.1 Components realized by turning machine
Overall cylindrical components will be realized by turning machine. Some ones have a
small thickness, for example the motor cylinder, ans also require a low roughness and tight
dimensional tolerances. These aspects lead to chose a material with high resistance as the
following aluminium alloy:
Ergal55−UNI9007/2 AlZn5,5MgCu(ENAW7075)
The data-sheet fo this alloy in shown in the appendix.
4.2.2 Components realized by milling machine
The frame will be realized welding two plate, which will be processed by milling machine
before and after. The structure has a greater thickness than the previous components, it
requires less resistance but it must be easy to weld. An aluminium alloy less strong than
Ergal55 and easy to weld is the following.
Anticorodal6082−UNI9006/4 AlSi1MgMn(ENAW6082)
The data-sheet fo this alloy in shown in the appendix.
4.2.3 Others components
The components as the interface for the magnet and the carter for the encoder haven’t loads
compromising their integrity, so it isn’t necessary to use the aluminium. These components
will be in ABS (Acrylonitrile Butadiene Styrene) by a rapid prototyping machine using the
FDM technique (Fused Deposition Modelling); the obtained objects will have some little
empty spaces inside, so the considered resistance is reduced ans it’s equal to 30MPa.
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4.3 Assembled system
The assembled cylinders have already been seen in the preceding paragraphs and now in
ﬁgure 4.9 the overall assembled system to the distal phalanx is shown.
Figure 4.9: Active surfaces system to the distal phalanx.
During the assembly, the 6-axis sensor must be mounted before the other components,
otherwise its screws will not accessible, as shows in ﬁgure 4.10.
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Figure 4.10: Mounting of 6-axis sensor (a), and system after assembly (b).
The frame shown is the distal one that will be mounted on the right ﬁnger, so the one
that will be mounted on the left ﬁnger will be mirrored and the only different components
are the vertical plate of the frame and the plate for the movable cylinder.
The proximal frames are different to the distal ones, in particular the encoder’s position
which leads to greater complexity due to the belt transmission; in ﬁgure 4.11 the active
surface that will be mounted on the proximal phalanx of the right ﬁnger is represented.
Figure 4.11: Active surfaces system to the proximal phalanx.
Each system is connected at the structure by a 6-axis sensor and three cables: one to
communicate the encoder reading and other two for the motor supply. The cables will be
ﬁxed at the phalanx on which is mounted the system, being careful to avoid loads due to
mounting errors that can distort the sensor’s reading.
Chapter 5
Fingers
As shown in the conceptual design, the gripper has two mirrored ﬁngers and each one can
be represented as a RR plane manipulator. In this chapter the structure of each phalanx, the
considerations done during the design, how the closure forces will be applied and how one
ﬁnger works will be showed.
5.1 Choice of the joints’ positions
The joints’ positions must be choice to allow a correct closure of the gripper, both free
than during the grasping of objects, avoiding the contact between the active surfaces of the
same ﬁnger and also between the proximal ones. The ﬁgure 5.1 shows the couple of active
surfaces of one ﬁnger and the positions of the two joints that allows to maintain a ﬁxed
distance between the surfaces.
Figure 5.1: Links and joints of one ﬁnger positioned with respect the active surfaces
and the symmetry plane of the device (q1 = pi/2;q2 = 0).
The gap g2 in ﬁgure 5.1 is the distance between the ﬁngers when they are closed but
it is also the distance between the active surfaces on the proximal phalanges during all the
ﬁrst joint’s stroke; instead the gap g1 is the distance between the active surfaces of the same
ﬁnger during all the second joint’s stroke. The positions of the two joints were chosen co-
incident with the axes of the cylinders of the active surface on the proximal phalanx, so the
distance from axis to surface is the same during the all stroke of the two joints.
By this joints’ positions, the distal phalanx results longer than the proximal one, advanta-
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geous condition for the determination of the minimum transmission ratio r1/r2 given in the
geometric considerations of the conceptual design.
5.2 Structure of the phalanxes
Each active surface is constituted by two cylinders mounted on a frame, which is screwed
on the tool side of a 6-axis sensor; the opposing side of it must be ﬁxed on a structure which
constitutes the phalanx. To realize the rotative joints, bearings will be used thanks to their
lower friction coefﬁcient and easier to assembly than bushings.
The structure of each phalanx will be realized with a plate on which will be ﬁxed the
frame side of the 6-axis sensor, and also connected the arms: two for the distal phalanx and
four for the proximal one, on which to mount the bearings in the positions indicated in the
ﬁgure 5.1.
Figure 5.2: Schematic draw of one phalanx structure.
From the ﬁgure 5.2 we can see the necessity to make removable the arms that constitute
the hubs for the bearings, to allow the assembly of the joint; the letters A1 and A2 indicate
the arms of the adjacent link that must be removable. The distal phalanx will have only
two welded arms provided of pins to place the bearings; instead the proximal phalanx will
have two similar arms for the ﬁrst joint and two removable arms for the second one. The
removable components for the ﬁrst joint will be provided in the palm.
As regard the torque transmission system, it need of space in direction of the axis of the
joints, so to allow at the device to approach as much as possible its active surfaces to the
one where the object to grasp is placed, the transmission system will be mounted only on
one side of the ﬁnger letting free the other side. The ﬁgure 5.3 shows one ﬁnger provided
of transmission system.
The torque from the motor placed in the palm is transmitted at the ﬁrst joint by a timing
belt; the pulley in J1 is ﬁxed at another one on which the tendons are anchored. The trans-
mission between ﬁrst and second joint is made by the tendons, which leaning on a circular
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Figure 5.3: Scheme of one ﬁnger provided of transmission system.
guide around J2 realized on the pin, and than they are anchored at the distal phalanx.
In the free side of the ﬁnger, the hinges will realized by simply bearings: the inner rings are
mounted on the pins ﬁxed with the welded arms of the phalanges and the outers rings are
placed inside the removable arms of the proximal phalanx and in the palm. Moreover the
pins in the transmission side will be conformed to allow the mounting of the bearing and
the transmission system.
5.2.1 Transmission with tendons
The transmission with tendons has the advantage to occupy little space but, unlike the timing
belts, it need of anchors and its stroke is limited. The torque at the joints depends on the
product of the tendon’s force with the radius of the guide, so to preserve the validity of
this easy relationship, the tendon mustn’t let the guide; to do this the maximum angles of
wrapping on the guides must be greater than pi/2. The tendons are made in polyester with
a ﬂexible abrasion resistant cover easy to splice, a diameter of 1mm and a breaking strength
of 195kg, more than enough for our application.
The ﬁgure 5.4 shows the path of the tendons for the transmission system between ﬁrst and
second joint (the spring is omitted).
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Figure 5.4: Tendons between ﬁrst and second joint.
In the ﬁgure the radii of the pulleys R1 and R2, the two joints J1 and J2, and the maximum
angles of wrapping θ1 and θ2 both greater than pi/2 are indicated. The torque is applied at
the ﬁrst pulley so the red tendon is pulled and exerts a torque on the distal phalanx around
J2. The ﬁrst of these causes the closure of the ﬁnger and the second one allows the closure
of the distal phalanx on the proximal one.
The adjustment system is made by a cylindrical element on which one tendon is an-
chored and provided with a threaded hole; a vertical screw is placed in a hole in the top
plate of the distal phalanx and it is screwed in the cylindrical component. Acting on the
screw by a torque wrench you can impose the desired tension at the tendon, especially in
rest condition can be impose the same pull in the two tendons.
To anchor the extremities of the tendons at the pins, they must be prepared using the splic-
ing, that allows to realize an eyelet, only using the cable itself how showed in ﬁgure 5.5.
Figure 5.5: Splicing technique to prepare the tendons’ extremities.
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5.2.2 Transmission with timing belt
The timing belt is used to transmit the torque from the motor placed in the palm, to the ﬁrst
joint. The design of the palm will be exposed in following chapter, for the description of
the transmission it’s enough to know that in the palm there are two drive timing pulleys, one
for each ﬁnger.
The transmission’s pulleys must be mounted with parallel axis and same axial position,
namely the belt must maintain a cylindrical shape, also without the shoulders of containment
of the pulleys that compel it to deﬂect its trajectory. To implement this transmission, another
shrewdness is in the proximal phalanx design, which mustn’t touch the timing pulley in
every ﬁnger’s posture. The ﬁgure 5.6 shows the position of the belt with respect the ﬁnger,
for q1 = 0 and q1 = pi/2.
Figure 5.6: Timing belt position for q1 = 0 and q1 = pi/2.
In ﬁgure 5.6 the radius of the timing pulley in the palm is indicated by r3, lower than r4.
When the proximal phalanx is in the inferior end-stroke (q1 = 0) a branch of the belt could
touch the horizontal plate of the phalanx; to avoid this, the arms for the ﬁrst joint must be
inclined as shown in the ﬁgure, the condition r4 < r3 allows to bring down this structural
complication and also the transmission ratio required at the reducer of the motor.
The distance between J1 and J2 is imposed by the active surface and due to the inclination
of the arms cited before, the remaining area of the horizontal plate couldn’t welcome the
frame side of the 6-axis sensor. To allows the mounting of the sensor, the plate will have a
particular shape that also permit the passing of the timing belt, as showed in the ﬁgure 5.7.
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Figure 5.7: Top view of one ﬁnger.
The six screws arranged in a circle, on each phalanx, are used to ﬁx the 6-axis sensor. To
make lighter the ﬁnger the horizontal plate of the distal phalanx is conformed to welcome
the sensor and the excess material is removed.
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5.3 The First joint
The most important component in the ﬁrst joint is the pulley for the timing belt from the
palm and the tendons from the second joint. This cylindrical component is realized con-
necting a timing pulley with a second pulley for tendons and mounting it on a pin ﬁxed at
the proximal phalanx. The two pulleys are ﬁxed each other by three screw and two bearings
are placed inside of it, as shown in ﬁgure 5.8.
Figure 5.8: First joint’s pulley mounted on the pin.
The coaxiality of the two pulleys is allowed by the outer ring of the ﬁrst bearing, which
is mounted with a slight axial gap to ensure the contact between the frontal surfaces of the
pulleys. To mounting the pulley, the ﬁrst step is to place the ﬁrst bearing in the pulley for
tendons, then the toothed pulley is positioned and ﬁxed with the another by three screws;
the second bearing is mounted and axially constrained by an elastic ring, ﬁnally the whole
assembly is mounted on the pin of the ﬁrst joint.
To ﬁx the ﬁrst joint pin with the proximal phalanx arm, a simple tolerance of interference
on the diameters isn’t enough to ensure the rigid connection between the components due
to the low aluminium’s elastic modulus; moreover a welding causes excessive deformations
that could affect the proper functioning of the device. So the ﬁrst joint pin will be glued
with the proximal phalanx arm by a special glue for metals. The other pin in J1 is ﬁxed with
the opposing arm by the same kind of connection.
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5.4 The Second Joint
As the pins in J1, the two pins in the second joint are ﬁxed with the distal phalanx arms by
glue. The pin on the transmission side is conformed to receive the tendons from the ﬁrst
pulley and to support the bearing in the removable arm screwed on the proximal phalanx;
the ﬁgure 5.9 shows the pin before mentioned.
Figure 5.9: Second joint pin after mounting.
The removable arm has a bearing placed inside and one encoder to read the variable q2
thanks to a magnet glued in the tip of the pin; the bearing is mounted in the arm before the
assembly of the gripper.
The support guides on the pin have a radius equal to r2, centred in the second joint. The pin
in the other side is used only as a kinematic constraint; here the bearing will have both the
outer ring, both the inner one axially constrained.
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5.5 Dimensioning and choice of the spring
The target of the spring is to maintain the phalanges aligned during the free closure of
the gripper. The spring is anchored at one end on the removable arm, leans itself on the
cylindrical surface coaxially to J2 and its other end is anchored on a pin screwed on the arm
of the distal phalanx.
Each extremities can be placed in three different position, then the number of possible
conﬁgurations is nine and for each one is possible to evaluate the length of the spring during
all the second joint’s stroke in function of the variable q2; thanks to the cylindrical shape of
the support surface, the trend will be linear. The ﬁgure 5.10 shows the spring in a general
conﬁguration.
Figure 5.10: Second joint’s spring in a general conﬁguration.
In the ﬁgure Rg is the radius of the cylindrical surface, Rsp the radius of the spring, θ33
the wrapping angle of the spring when q2 = 0 and the anchor points 3-3 are used, moreover
L33 is the length of the linear part of the spring, again for these anchor points. The spring
can be chosen in therms of: stiffness K, radius R, initial length l0 and maximum length lm.
Two main considerations must be done for this system. When the gripper perform an
enveloping grasp, the closure torque around J2 must be able to exert the desired force on
the object and moreover it must also overcome the resisting torque generated by the spring;
the second consideration is about the minimum resisting torque, depending on the stiffness,
the length l0 and the anchor points of the spring. From the considerations, two key points
to follow for the choice of the spring can be listed.
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1. The spring must have the lower stiffness possible to reduce the torque required at the
motor, during the closure of the device;
2. the pre-load torque of the spring must be enough to maintain the phalanges aligned
during the free closure, following an imposed velocity proﬁle, and also when the
gripper is open and face down.
The velocity proﬁle q˙1(t) chose for the free closing is the follows.
Figure 5.11: Velocity proﬁle q˙1(t) [rad/s].
The proﬁle in ﬁgure 5.11 has been drawn by choosing the total time of closing equal to
one second, the interval of time during acceleration, the one in deceleration and requiring
that the deﬁnite integral is equal to pi/2. The function has a trapezoidal shape and the in-
clination of the ﬁrst part is the acceleration at the ﬁrst joint, so directly proportional to the
required torque at the motor.
The second request can be summarized in the following system of equations (i indicates the
anchor point in the proximal phalanx and j indicates the other one).

(RTθi j+ li j− l0)K ·RT >Md ·g ·Lgd
(RTθi j+ li j− l0)K ·RT > q¨1Max(J1F + Jmτ
2)
(
r2
r1
−
Md(Lgd+Lp)
2
J1F+Jmτ2
)
lm > li j+RT (θi j+pi/2)
(5.1)
The symbols in the system indicates
• Md = mass of the distal phalanx;
• Lgd = distance between the second joint andMd ;
• LP = distance between J1 and J2;
• J1F = inertia moment of the ﬁnger with respect J1;
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• Jm = inertia moment of the motor;
• τ = transmission ratio between the motor and J1;
• q¨1Max = maximum angular acceleration of the ﬁnger.
From the catalogue of the Vanel company, the choice of the spring was made starting from
the one with minimum stiffness and continuing after with the others more stiff. The equa-
tions in the system were evaluated for each spring in the nine different conﬁgurations and
the results indicate that each spring can be placed only in some conﬁgurations.
For the device a group of springs with low stiffness will be used to give more versatility
at the gripper in terms of velocity proﬁle to follow for the free closure, using a spring or
another one in different conﬁgurations.
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5.6 Finger after assembly
The ﬁgure 5.12 shows one ﬁnger after its assembly, without active surfaces, sensors and
covers.
Figure 5.12: Finger after assembly.
The structure of the ﬁnger is made in Anticorodal6082−UNI9006/4 because easy to
weld; instead the pins are made in AlSi1MgMn(ENAW6082) because it has more resistance
and ease of processing.
After assembly the structure in the ﬁgure can be mounted in the palm and then the active
surfaces can be mounted on it; the sequence can be inverted, but after evaluating the conve-
nience for the assembly.
Chapter 6
Palm
The palm is the structure ﬁxed at the wrist of the robot, on which the two ﬁngers must
be mounted. In the part occupied by the palm, there aren’t particular encumbrance limits
so it’s possible to realize a structure with high thickness in plastic material. To make the
plastic components, the rapid prototyping technique will be used, in particular the FDM
technique (Fused Deposition Modelling); thanks to the machine available it’s possible to
realize complex components also with projecting parts. The used plastic material is ABS
(Acrylonitrile butadiene styrene).
In this chapter we will see for ﬁrst the interfaces with the robot and the ﬁngers, then the
interface with the others components and ﬁnally the designed structure.
6.1 Interface with the fingers
As described in the chapter Fingers, each ﬁnger has at the ﬁrst joint two bearings mounted
on the pins and a timing belt for the torque transmission. The palm must welcome the outer
rings of the bearing, one of these must be axially constrained and, to allows the mounting,
the palm must be designed in two parts as shown schematically in ﬁgure 6.1.
Figure 6.1: Schema for the mounting of a ﬁnger.
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6.1.1 Transmission with timing belt
In the palm, for each ﬁnger, there will be a timing pulley connected at one motor ﬁxed to
the structure. The pulley must be vertically arranged and constrained by two bearings at the
extremities; one of these will be the bearing placed inside the reducer of the motor which
has the outer ring ﬁxed at the ﬂange, that will be screwed at the structure. The ﬁgure 6.2
shows how the timing pulley and the motor will be mounted.
Figure 6.2: Timing pulley and motor in the palm.
The magnet in the tip is used to read the joint’s variable q1, obviously considering
the variable q2, the transmission ratios r1/r2 and r4/r3. This element is ﬁxed on a plastic
adapter, which is glued on the aluminium shaft at the centre of the ﬁgure. The outer ring of
the bearing will be mounted axially free in an holed component screwed on the palm. The
inner ring with the spacer, the elastic ring and the shoulder, axially constrains the timing
pulley; the pulley is dragged from the shaft by a tab.
As the reducer used in the active surfaces, the driver shaft has a smoothing, so the alu-
minium shaft has a thread hole radially arranged to place a screw pushing on the smoothing
to constrain the rotation of the two components. To mounting the reducer, a centring hole
and other three equidistant holes arranged on a circle for the screws are needed.
The transmission with the toothed belt requires a tensioning system that acts on the
branch less pulled, to allows its mounting and to avoid that the teeth of the belt can lose
their position with respect the two pulleys. The tensioning system is shown in the ﬁgure
6.3.
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Figure 6.3: Tensioning system for the transmission with timing belt.
The tensioner is composed by a threaded element with an orthogonal pin on one end, on
which a bearing is mounted. The position of the tensioner is regulated by two nuts acting
on the lateral surface of the palm; the rotation of the threaded element is prevented by a
smoothing and realizing the hole in the palm with the same shape.
6.1.2 Dimensioning and choice of the motors in the palm
As done for the choice of the motor for the active surfaces, theMaxon Motor Company will
provide the motors and the connected reducers, so the choice will be done consulting their
catalogue.
The ﬁrst step is to calculate the maximum pull of the tendon when the device grasps an
object, considering the maximum torque and force applicable on the 6-axis sensor. For this
evaluation two cases are considered: the ﬁrst is the equilibrium around J1 when q2 = 0 and
the second is the equilibrium around J2 when q2 = pi/2. For the last condition the choice of
the second joint spring must already been done. These two conditions are explained by the
following equations.
Ft1 =
1
r1
[TS+FS(LP+LS)] (6.1)
Ft2 =
1
r2
[TS+FSLS+RTK(li j− l0+RT (θi j+pi/2))] (6.2)
The used symbols have the following meanings
• LS = distance between the second joint and the sensor;
• LP = distance between J1 and J2;
• TS = 500 Nmm, maximum torque on the sensor;
• FS = 50 N, maximum force on the sensor;
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The other symbols relate to the spring of the second joint, argued in the previous chapter.
Calling with Ftmax the greatest force between Ft1 and Ft2, considering the pitch radius r1 of
the pulley in J1 and the transmission ratio τ = r3/r4 between the timing pulleys, we obtain
the maximum torque required at the exit of the reducer (Tmax). Another request to satisfy
when the device grasps an object, is on the maximum radial load at 5 mm from the ﬂange
of the reducer.
Other two variables to be checked are the maximum number of revolutions and power
which must be greater than the values resulting from the selected speed proﬁle for the free
closure. The following system summarizes the conditions that must be met.

nmax > nRequired
Pot > PRequired
Tout > Ftmaxr1τ
Frmax > (
Ftmaxr1τ
r4
)( b
a+b)
(6.3)
The dimension a and b are indicated in the previous paragraph.
The motor that will be used is a DCX22 with a supply voltage of 24 V and with highest
continuous torque in output, so to require low reduction ratio at the reducer; the table 6.1
lists the main characteristics of the motor.
Table 6.1: Characteristics of the motor DCX22.
Description Symbol Value
Maximum continuous torque τm 0.0154 Nm
Maximum power Pot 14W
Maximum speed nm 12400 rpm
Efﬁciency ηm 86 %
Moment if inertia Jm 5.2 ·10−7kgm2
For the choice of the reducer, four models of GPX22 were compared; their character-
istics and the obtained results with the coupling to the motor are summarized in the table
6.2.
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Table 6.2: Characteristics of the considered reducers GPX22.
Description α β γ δ
Version standard ceramic standard ceramic
Reduction ratio 231 : 1 231 : 1 243 : 1 243 : 1
Number of stages 3 3 4 4
Efﬁciency 74 % 74 % 66 % 66 %
nmax/nRequired 1.27 1.13 1.07 1.07
Pmax/PRequired 1.27 1.52 0.31** 0.38**
Tout/TRequired 0.84** 1.13 1.07 1.13
Frmax/Fr 1.38 1.38 1.51 1.51
As evident in the table, the only model of reducer that satisfy all the requests is the
GPX22 ceramic version with 3 stages and reduction ratio of 231 : 1.
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6.2 Interface with the robot
On the tip, the robot has a circular ﬂange with seven threaded holes arranged in circle, four
of these have a pitch of pi/2; the central hole is necessary for centring the component to
be mounted and the passage of the various cables needed. The element will be mounting
on this ﬂange will have a central hole with external shoulder for centring and four through
holes for ﬁxing.
Given the high stiffness of the device, between the robot and the gripper four anti vibra-
tion elements are interposed; to mount these components an intermediate plate is used, as
shown in the ﬁgure 6.4.
Figure 6.4: Interface with the wrist of the robot.
The intermediate plastic component is made in ABS, it has a central hole for the cables
with an external shoulder for centring, it’s ﬁxed by four screw and it’s the ﬁrst compo-
nent to mount. The anti vibration components have threaded extremities with grooves for
screwdriver and they are ﬁxed by nuts. Before mounting the anti vibration elements on the
intermediate plate, they must be ﬁxed on the device, then the gripper with these components
is placed on the plate and mounted screwing the nuts showed in the ﬁgure.
The back side of the palm will have a central hole for cables passing and four holes
for the anti vibration element with hexagonal counter-bore to place the nuts, geometry exe-
cutable thanks to the FDM technique.
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6.3 Electronic boards
In whole gripper there will be four active surfaces placed in each phalanx of the two ﬁngers.
Each active surface has one motor with an encoder for its control and one 6-axis sensor to
simulate the friction coefﬁcient and to determine the contact point. Moreover, each ﬁnger
has one motor for its movement and two encoder, one for each variable of joint. Overall in
the device there are four 6-axis sensor, six motors and eight encoders.
Each sensor will have a cable which passes through the ﬁnger and the palm, because
the acquisition board will be placed outside the device; the foresight is to allows the cables
passage. Instead the management of the power to give at the motors and the readings of the
encoders are performed by electronic boards placed on the palm; whom have other outside
cables for the control by the operator. The kind of board will be used is shown in ﬁgure 6.5.
Figure 6.5: Electronic board.
One board can mange only two motors and four encoders, so there will be one board
for each ﬁnger and a third one for the palm. The USB port on the right is used only for
programming and it’s disconnected during the device working; instead the control ports,
always on the right, are ever connected for the control by the operator. In the ﬁgure, on the
left there are the two output for motor supply, the four ports for the readings of the encoders
and the input for power supply.
To give the possibility to easy replace an electronic board, they will be mounted on the outer
surface of the structure of the palm and protected with simple lids.
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6.4 Structure of the palm
In this paragraph the designed structure, with the other elements needed for mounting all the
others components before seen, will be presented. The ﬁgure 6.6 shows all the components,
electronic boards not included, which must be mounted on the palm.
Figure 6.6: Components that will be paced in the palm.
The palm will be realized in two parts. A compact structure composed of a bottom
surface on which to mount the lower bearings of the ﬁngers and side walls on which to
mount the interface with the robot, the tensioners and the motors. The second part will
have a ﬂat shape, it will be mounted on the top of the compact structure and on it the upper
bearings of the ﬁngers and the ones of the motor pulleys will be mounted. Some of the parts
shown, including electronic boards, will be mounted directly on the palm, the others will
require further intermediate elements because placed away from the bearing surfaces of the
palm and to facilitate the assembly. We will show below how all the components will be
installed in the lower part of the palm, which will then be presented, and then will be done
the same for the top part.
6.4.1 Assembly of the motors
The two motors are placed in the centre of the palm and, during the work, they exert forces
and torques that must be downloaded on the frame. Moreover must remember that for the
mounting of a motor a centring hole and three other holes for the screws are needed. The
motors will be ﬁxed on an aluminium plate needed to transfer the load at the vertical walls
of the palm; the plate’s shape is shown in ﬁgure 6.7.
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Figure 6.7: Aluminium plate for the motors in the palm.
The realization of the plate in aluminium and as a single component allows to place the
motors each other with parallel axis, at a determined distance, with precision. The six hole
on the sides are used to ﬁx the plate on reference surfaces of the vertical walls of the palm;
moreover the plate will be supported on the front side by others references, always in the
palm.
6.4.2 Assembly of the lower bearings
The lower bearings of the two ﬁngers must be placed in the bottom part of the palm and
axially constrained. The axial hole with a reference will be made directly in the palm, the
other axial reference will be realized by a plate screwed on the palm, as shown in ﬁgure 6.8.
Figure 6.8: Mounting of one lower bearing.
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On the palm there are three reference surfaces orthogonal each other to place the hole
for the aluminium plate coaxially with the bearing; for the ﬁxing three screws with lowered
head are used.
6.4.3 Bottom structure of the palm
The ﬁgure 6.9 shows the bottom structure of the palm.
Figure 6.9: Bottom structure of the palm.
The back wall has a square hole for the several cables from and to the wrist of the robot.
The holes for the anti vibration element have an hexagonal counter-bore to place the nut
and the top surface has eight holes for the screws used to mount the top structure of the
palm. The mounds on the lateral walls are needed to let a gap between the surface and the
electronic board. This structure is completely realized in ABS, by the FDM technique.
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6.4.4 Assembly of the encoders
The used encoders are the same model used in the active surfaces, so for their mounting two
screw each are enough. In the palm two encoders must be placed on the top of the motor
pulleys, so to evaluate the variable q1 of each ﬁnger and to control the respective motor. As
done for the mounting of the motors, for the encoders and the bearings under the magnets,
an intermediate component is used to their mounting on the palm; the geometry of it is
shown in ﬁgure 6.10.
Figure 6.10: Intermediate component for mounting the encoders and the bearings.
This element is made in ABS because it must have high thickness to welcome the outer
rings of the bearings and to have a particular shape, as shown in the ﬁgure; moreover it’s
stressed by low loads. The placing of this element is determined by the positions of the two
bearings. It will be screwed on the top structure of the palm through the six showed holes
and a gap will be let between the lateral surfaces and the ones of the palm. The ﬁgure 6.11
shows an encoder mounted in the palm.
Figure 6.11: Encoder in the palm.
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6.4.5 Top structure of the palm
This part of the palm will be mounted on the bottom structure. It will have two holes for
the upper bearings of the ﬁngers and will must welcome the plastic component before seen.
The ﬁgure 6.12 shows the top structure of the palm.
Figure 6.12: Top structure of the palm.
The three reference on the bottom surfaces are used to correctly place this component
on the bottom structure of the palm; as written before the four mounds are needed to let a
gap between the palm and the electronic board. This component has a centre hole for the
mounting of the component on which the encodes and the bearings of the motor pulleys are
placed. Moreover the hole is also used to allows the passage of the cables from the motors
and the two encoders. This structure is completely realized in ABS.
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6.5 Palm after assembly
The ﬁgure 6.13 shows the palm after assembly, the lids for the electronic boards are omitted.
Figure 6.13: Palm after assembly.
Each electronic board will be covered by a lid in ABS, ﬁxed directly on the structure of
the palm by four screws. The top structure of the palmmust be mounted after the positioning
of the two ﬁngers. The external position of the boards allows to simplify their possible
replacement and other interventions
Chapter 7
Assembled gripper
During the design a CAD model of the device is made to allows the development of each
individual component, its interface with others, to check the assembly procedure and the
respect of the dimensions, and also to provide the geometries for veriﬁcation by ﬁnite ele-
ments. The ﬁgure 7.1 shows the CAD model with the main components indicated.
Figure 7.1: CAD model of the assembled gripper.
As explained in the previous chapters, the transmission of the torque from the motors
in the palm to the pulleys in the ﬁrst joints is obtained by timing belts and the one from J1
to J2 by tendons. The tensioning system for the timing belts is placed in the palm, instead
the tendons’ pull is adjusted by the anchor systems on the distal phalanges. The ﬁgure
7.2 shows two different postures of the gripper; the ﬁrst of these can be achieved only for
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particular grasping conditions.
Figure 7.2: Two different gripper’s postures, with some relevant dimensions.
The indicated dimensions highlight the small size of the device. The active surfaces of
each ﬁnger covering a total area of 50 mm width and 121 mm long. The extension of the
gripper when it’s fully open is 303 mm, the height of the palm is 133 mm and the total mass
is about 3kg. The high thickness of the phalanges depends on the dimensions of the 6-axis
sensor and to reduce it, sensors of smaller size should be used, which however restricts
considerably the applicable loads and increases the overall cost. The ﬁgure 7.3 shows the
gripper while it is performing a tip grasp on a pencil and an enveloping grasp on a can.
Figure 7.3: Gripper while grasps a pencil on the left, and a can on the right.
Chapter 8
Structural verifications
In this chapter the simulations of gripper’s components will be shown. The simulations
be done by the ﬁnite element software Ansys. The order of the threaded components will
follow the same used in their description, so we will start to the active surfaces, then will be
treated the ﬁngers, and ﬁnally the palm. The veriﬁcation will be only statics because there
isn’t known history of loading and the number of grasp that the device must do.
8.1 Active surfaces
The distal active surfaces are different to the proximal ones, as shown in the section Active
surfaces and the structural veriﬁcation will treat only the one mounted on the right distal
phalanx, because equally stressed than the one on the left ﬁnger and most than the proximal
ones, due to the frame shape. The ﬁgure 8.1 shows how the system is constrained and
loaded.
Figure 8.1: Distal active surfaces with constraints and loads.
The phalanx is been considered as ﬁxed support and a normal force FN = 20N with a
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tangential one FT = 10N are applied on the belt.
The force application point is in an arbitrary location and, for the veriﬁcation of each com-
ponent, it will be placed in the worst position. When the motor and driven cylinder will be
modelled, a belt pretension will be added considering a friction coefﬁcient between cylin-
ders and belt µ = 0.6 and evaluated by following equation.
FP =
FT
2
·
epiµ
epiµ −1
= 6.8N (8.1)
Each element will be statically veriﬁed requiring a minimum safety factor of SF = 1.5.
All components are made with two kinds of aluminium alloy and requiring a reliability of
99.99%, for they the following admissible stresses will be considered.
Ergal55−UNI9007/2 σamm = 360 MPa
Anticorodal6082−UNI9006/4 σamm = 180 MPa
The following subsections will regard each component modelled separately and will be
shown how it’s constrained, loaded and how much is the equivalent stress of von Mises.
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8.1.1 Motor holder
The motor holder is the component ﬁxed at the frame in which is placed the motor and on
which the actuated cylinder rotates. The ﬁgure 8.2 shows the model whit its constraints an
loads, and the equivalent von Mises stress.
Figure 8.2: Motor holder model with loads and equivalent von Mises stress.
As written in the chapter Active surfaces, this component is supported on a shoulder
and screwed at the vertical plate, so it’s been constrained in Z direction on the lateral lower
edge, in X direction on the bottom surface and the holes constrain the component along
Y. The top cylindrical surface is been loaded by FN along -Z and FT along -Y, applied at
50 mm from the bottom surface. The motor’s torque is applied at the holes used to ﬁx the
reducer, its value is T = 205Nmm. The ﬁnite element analysis shows the area where is the
higher stress; after its localization it been done a convergence analysis by a local thinning
of the mesh. The results converge at the value σeq = 7.7 MPa and, being the component
made with Ergal55, it results widely veriﬁed.
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8.1.2 Movable pin and support pin
The movable pin and the support pin have the same shape but different dimensions, as
showed in the chapter Active surfaces. The model for structural veriﬁcation would be the
same and it doesn’t requires the use of the ﬁnite element simulation, so a parametric model
for both components is shown in the ﬁgure 8.3.
Figure 8.3: Model used for the Movable and Support pin.
The pin has a ﬁxed support on the left and the ﬁrst diameter D1 indicates the dimension
of adjacent component excluded from the analysis. The load is only a normal force to the
axis, at the same distance from the frame, but with different modulus. The movable pin is
holed and its inside diameter will not be indicated in the table, but obliviously considered
during the structural veriﬁcation. The table 8.1 lists the indicate dimensions and loads.
Table 8.1: Dimensions and loads for each model.
D1 D2 D3 r L F
Component
[mm] [Nmm] [Nmm] [mm] [mm] [N]
Support pin 6 5 4 1 50 20
Movable pin 26 10 8 1 50 26
As is evident by the drawing, the critical section is in s= 0 and the high stress is caused
by the bending moment. Probably in the support pin there is the maximum stress, because
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more thin then the other, also if is less loaded and with a less intensiﬁcation coefﬁcient of
tension. In the table 8.2 the two critical sections are compared; moreover we remind that
the component Support pin is made with Ergal55 and instead theMovable pin is made with
Anticorodal6082 because welded.
Table 8.2: Maximum equivalent stress of interlocking sections for each component.
Wx Kt σzz σeq SF
Component
[mm3] [None] [MPa] [MPa] [None]
Support pin 12.26 1.55 81.6 126.5 2.8
Movable pin 95.60 1.85 13.6 25.2 7.1
As foregone the component more stressed is the support pin; however it results veriﬁed
thanks to the high strength of the material. The external holed cylinder of each pin is not
tested because it works in not heavy load conditions and an its veriﬁcation is considered not
necessary.
8.1.3 Distal frame
In all device there are four different fames for active surfaces. the veriﬁcation of the four
components is not necessary because it is sufﬁcient to analyse only the one more stressed.
In the proximal frames the plate for sensor is placed in the centre, instead in the distal ones
is placed to a side; moreover the left frames are the mirror than the right ones. From the
considerations done, the simulation will regard only the distal frame on the right; the ﬁgure
8.4 shows the model with its loads and constraints.
Figure 8.4: Distal frame model with loads and constraints.
CHAPTER 8. STRUCTURAL VERIFICATIONS 84
The distal frame is been fully constrained through the lower surface, where is placed the
6-axis sensor, to a circular area with a diameter of 19 mm. In the considered load condition,
the support pin is unload and the others two cylinders, motor and driven, exert their loads
through the motor holder and the pin plate respectively. On each surface is applied a remote
force at the distance of 50 mm from the vertical surface, whit a component of 10 N in -Y
direction. Instead the application of the tangential component depends on the torque sign.
The worst condition occurs when the tangential force is along - X, so the pin plate doesn’t
have a component in X direction, instead the motor holder has a component of 16.8 N along
- X. The ﬁgure 8.5 shows the model and the analysis result.
Figure 8.5: Distal frame model with equivalent von Mises stress.
The component is made with Anticorodal6082 because welded; the maximum equiva-
lent stress results of 93MPa, so the safety factor is SF = 1.9.
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8.2 Fingers
The two ﬁngers have the same dimensions but one is the mirror to the other, so for our
veriﬁcation only the right ﬁnger will be considered because equally constrained and loaded.
The assembly is hinged at the frame and connected at the palm’s motors by a timing belt
exercising the torque; the loads applied at the ﬁnger came from the 6-axis sensors of each
phalanx and the considered components are: FY = 20N and MZ = −500Nmm. The ﬁgure
8.6 shows the ﬁnger’s structure without active surfaces and covers.
Figure 8.6: Right ﬁnger.
For structural veriﬁcations, we’ll start from the distal phalanx and we’ll arrive at the
ﬁrst joint using the third principle to switch from one component to another connected to it.
8.2.1 Distal phalanx
On the bottom surface of the distal phalanx the loads before mentioned are applied; the
others loads are exerted on the left side fo the component and are:
• Ft : closure force of the tendon applied by the screw of tensioning system;
• Ft2 and Ft3 : forces applied by deviation pins for the closure tendon;
• FS : force applied by the pin where the spring is anchored.
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The phalanx is constrained by a cylindrical support made by the second joint’s pins and
the rotation is constrained by the end-strokes or only by loads if they exert a null torque
around the second joint. The load condition depends on the ﬁnger’s posture; the worst
conﬁguration occurs when q2 = pi/2 and considering the system of forces before mentioned,
as shown in ﬁgure 8.7.
Figure 8.7: Considered load conditions for the distal phalanx.
The showed reactions Rx and Ry are the overall forces exercised by the cylindrical sup-
port. By the ﬁgure 8.7 is evident that the worst load condition is the second one, so the
ﬁnite element model will have applied those forces, evaluated by equilibrium equations and
considering the envelope arc of the pulled tendon. The ﬁgure 8.8 shows the distal phalanx’s
model with the applied loads and constraints.
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Figure 8.8: Finite element model of distal phalanx.
The phalanx is hinged on the second joint and the applied loads are the ones indicated
in the ﬁgure ?? for q2 = pi/2 and constitute a balanced force system.
• force exerted by the tendon’s extermity, Ft = (0;−230;0)N;
• force on hole of the ﬁrst deviation pin, Ft2 = (−230;166;0)N;
• force on hole of the second deviation pin, Ft3 = (350.5;−126.5;0)N;
• force exerted by the spring, FSmax = (−36;36;0)N;
• force exerted by the sensor, Fsensor = (0;20;0)N;
• torque exerted by the sensor,Msensor = (0;0;−500)Nmm.
CHAPTER 8. STRUCTURAL VERIFICATIONS 88
The ﬁgure 8.9 shows the obtained results from the analysis.
Figure 8.9: Analysis results for the model of the Distal phalanx.
The distal phalanx is made in Anticorodal6082 because welded and the maximum eval-
uated von Mises stress results of 51.8MPa near the hole for the screw of the tensioning
system, so the safety factor is SF = 3.47. The component Distal phalanx is veriﬁed.
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8.2.2 2nd Joint pin left
In the second Joint there are two pins equally constrained but with different shape and
size, and differently loaded. The pin on the left, due to the transmission with tendons, is
more loaded and the distance between the constraint with the distal phalanx and the bearing
mounted on it is greater than the one of the pin on the right.
Figure 8.10: Model and results for the left Pin.
In the model the pin is fully constrained by the bearing placed in the removable arm of
the proximal phalanx. The considered posture of the distal phalanx is q2 = pi/2 and the two
loads on the pin are:
• the contact force exerted by the tendon on the guide, FT = (0;−57;−148)N;
• the load from the distal phalanx’s arm, FP = (0;−165.3;83.7)N.
The second load is evaluated applying the third principle at the constraint reaction obtained
by the distal phalanx’s model.
The pin is made in Ergal55 and the maximum evaluated vonMises stress results of 55.2MPa
near the interlocking surface, so the safety factor is SF = 6.5. The component 2nd Joint pin
left is veriﬁed.
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8.2.3 2nd Joint arm left
For the same reasons of the previous paragraphs and for the evident difference in shape due
to the spring, for the veriﬁcation of the removable arms in the second joint only the left arm
has been taken into consideration. The considered posture of the distal phalanx to verify
this component, as for the others ones, is that relating to q=pi/2; in this posture the spring
envelops the guide and it has the maximum pull. In the model, for caution, a higher force
of 50 N is been considered.
The ﬁgure 8.11 shows the ﬁnite elements model en the results for the model.
Figure 8.11: Model and results for the left Arm.
The model is constrained by a support on the surface that rests on the reference on the
proximal phalanx and through the two holes for the screws. The loads from the spring are a
force applied on the third hole for pin and another one applied on the guide; the other loads
are from the bearing of the left Pin and their value is from its model, applying the third
principle. The loads applied are here listed below.
• force on the third hole for the anchor pin, Fsp1 = (36;36;0)N;
• force on the guide for the spring, Fsp2 = (0;−75;0)N;
• force exerted by the bearing, FB = (222.4;65;0)N.
The pin is made in Ergal55 and the maximum evaluated vonMises stress results of 149.6MPa
on the inner surface of the second hole for the screws, so the safety factor is SF = 2.4. The
component 2nd Joint arm left is veriﬁed.
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8.2.4 Proximal phalanx
Also for the veriﬁcation of the proximal phalanx, the considered posture of the ﬁnger is
q1 = 0 and q2 = pi/2. The load from the removable arm, of the lower part of the gripper,
are the reaction forces evaluated by the model of the Distal phalanx; instead the ones from
the removable arm of the transmission side are from the model of the 2nd Joint arm left.
The loads applied on the bottom surface of the horizontal plate, where the 6-axis sensor is
placed, are FY = 20N andMZ = 500Nmm. The ﬁgure 8.12 shows the model of the proximal
phalanx whit loads and constraints.
Figure 8.12: Finite elements model of the proximal phalanx.
The phalanx is hinged around the two holes for the ﬁrst joint’s pins and the rotation is
constrained by the end stroke. To consider the loads exerted by the pulleys on the ﬁrst joint,
a remote force is applied on the pin’s hole at a distance of 7 mm, with a component of 230
N in X direction facing the second joint and a second component of 260 N in Y direction
facing the palm. The applied forces are listed below.
• force from the lower removable arm, Fa = (0.3;23.6;0)N;
• force from the ﬁrst screw of the upper removable arm, Fa2 = (−127.8;−762.2;0)N;
• force from the second screw of the upper removable arm, Fa3 = (−130;788.1;0)N;
• force exerted by the 1st Joint pulley, Fp = (230;260;0)N.
The ﬁgure 8.13 shows the obtained results from the analysis.
CHAPTER 8. STRUCTURAL VERIFICATIONS 92
Figure 8.13: Analysis results for the model of the Proximal phalanx.
The proximal phalanx is made in Anticorodal6082 because welded and the maximum eval-
uated von Mises stress results of 109.6MPa near the surface for the mounting of the remov-
able arm, so the safety factor is SF = 1.64. The component Proximal phalanx is veriﬁed.
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8.2.5 Long 1st Joint pin
This pin is ﬁxed on the proximal phalanx’s arm on the transmission side and the pulleys for
the ﬁrst joint is mounted on it. For verify this component the posture q1 = 0 and q2 = pi/2
is been considered, as done for the others component seen before. The ﬁgure 8.14 shows
the pin and the beam model used for the veriﬁcation.
Figure 8.14: Long 1st Joint pin and its beam model.
The section A is constrained by the bearing in the palm and the section B is glued in
the hole of the proximal phalanx’s arm and it is considered as a constraint along x and y
directions. The force exerted by the timing belt Fb = 260N is applied in C and the tendon
force Ft = 230N is applied in D. The pin has a circular section, so there isn’t diverted
bending. The ﬁgure 8.15 shows the trend of the shear Tx and Ty. The ﬁgure 8.16 shows
the considered section for the veriﬁcation and the trend of the bending torques Mx and My.
The table 8.3 lists the stress characteristics and the obtained results for the critical section
indicated in the ﬁgure 8.16, placed at 1.5mm from the section B and in correspondence of
the section variation. We remember that the component is made in Ergal55.
Table 8.3: Analysis results for the long 1st Joint pin
Mx My Tx Ty D Kt σeqMax SF
Section
[Nmm] [Nmm] [N] [N] [mm] [none] [MPa] [none]
ΩM− -2760 -1170 260 -230 6 1.4 197.9 1.82
The greatest stress point is on the edge of the section and is caused by the composition of
the two bending moments. The component Long 1st Joint pin results veriﬁed.
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Figure 8.15: Shear Tx and ty in the Long 1st Joint pin.
Figure 8.16: Bending torques Mx and My in the Long 1st Joint pin.
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8.3 Palm
In this paragraph the components of the palm will be veriﬁed, for ﬁrst the ones in aluminium
and then the structure made in ABS.
8.3.1 Shaft for pulley
As seen in the previous chapters, to connect each pulley placed in the palm on the reducer’s
shaft, a connection shaft is used. To verify the component it isn’t necessary the help of
the software, because it’s enough to consider it as a beam and use the stress intensiﬁcation
coefﬁcients in the literature. The ﬁgure 8.17 shows the shaft for pulley and its beam model.
Figure 8.17: Shaft for pulley and its beam model
The shaft changes its section along the coordinate S, so each one must be individually
veriﬁed. The ﬁgure 8.18 shows the four different sections.
Figure 8.18: Different sections in the shaft for pulley.
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For ΩA the positive section will be considered and for ΩC the negative one, because
these are the side more stressed. Between the section ΩB− and ΩB+, the ﬁrst has the same
shape, a bigger diameter and same loads, so for the static veriﬁcation only the ΩB+ section
will be considered. The three sections and theirs stress characteristics are shown in table
8.4.
Table 8.4: Considered sections to the verify.
Ty Mx Mz
Section
[N] [Nmm] [Nmm]
ΩA+ + 101.4 0 + 2000
ΩB+ + 101.4 + 1014 + 2000
ΩC− - 101.4 + 1824 - 2000
As done for the pins in previous section, the table 8.5 summarizes the geometric factors,
the maximum stress components in the critical point of the section and the calculated safety
factors. In the section ΩC−, where there is the tab, the useful diameter will be considered as
indicated in the literature. It is recalled that the component is made with Ergal55.
Table 8.5: Analysis results for the shaft
Wx J0 Kt Kts σzz τ σeq SF
Section
[mm3] [mm4] [none] [none] [MPa] [MPa] [MPa] [none]
ΩA+ 73.6 717.5 1.90 1.63 0.0 22.7 39.3 9.1
ΩB+ 21.2 127.2 1.50 1.30 71.7 61.3 128.1 2.8
ΩC− 71.6 644.1 1.00 1.50 25.5 21.0 44.3 8.1
The component Shaft for pulley results veriﬁed.
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8.3.2 Plate for motors
This component is a plate screwed at the palm structure, on which the two motors in the
palm are mounted. It is a symmetric component, so the used model in the ﬁnite element
simulation will respect this symmetry. The plate is ﬁxed at the palm by three screws placed
in two opposing sides; the motors are mounted on it by three other screw each. Considering
the maximum torque required at the motors, each one exerts on the plate a radial force on
the centring hole for the reducer, caused by the belt’s pull. Moreover the generated torque is
considered applied at the screws’ holes. The ﬁgure 8.19 shows the free body diagram whit
respect the plate’s plane.
Figure 8.19: Plate for motors with constraints and loads.
The model in the simulation will respect the symmetry plane indicated in ﬁgure 8.19,
so the cut section will constrained along its normal direction (X in ﬁgure).
Figure 8.20: Model with loads and constraints.
CHAPTER 8. STRUCTURAL VERIFICATIONS 98
The equivalent von Mises stress obtained by the ﬁnite element simulation is shown in
the ﬁgure 8.21.
Figure 8.21: Ansys model for the plate.
The maximum stress is 80MPa so the plate can be made with Anticorodal6080 obtain-
ing a safety factor of SF = 2.2 and it isn’t necessary to use the Ergal55 for this component.
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8.3.3 ABS component for bearings
This component can be modelled as done for the plate for motors, because its geometry, the
loads and the constraints, respect the same symmetry plane. The component is screwed on
the top part of the palm and it is supported only by the lower surface, because the position
along other two directions is imposed by the bearings of the drive pulleys. The loads are
exerted by the bearings during the gripper works. The ﬁgure 8.23 shows the ﬁnite element
model and the result of the analysis.
Figure 8.22: Ansys model and results for the ABS component for bearings.
In the model the section plane is constrained in X direction, the three holes for screw
are constrained along Y and X; the lower surface where the component is supported and the
three ones under the heads of the screws are constrained in Z direction. The load from the
bearing is equal to the reaction force on the D section of the Shaft for pulley, equal to the
difference between the pull of the belt and the reaction with the Plate for motor
F = Fbelt −FPlate = 260N−89N = 171N (8.2)
The maximum von Mises stress is 13MPa, near the hole for screw on the left; the
component is in ABS and the admissible stress is 30MPa, so the safety factor is SF = 2.3.
The ABScomponent f orbearings is veriﬁed.
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8.3.4 Palm top
The top part of the palm is in ABS and it is called Palm top. This component is screwed
on the bottom part of the palm and it is referred on it by special surfaces. The Palm top
is loaded by the previous component seen and by the upper bearings of the ﬁngers. For
the loads, the considered posture of the ﬁngers is q1 = pi/2 and q2 = 0 while the gripper
is grasping a little object by the tips and accelerating in vertical direction, to maximise the
supported loads by the bearings on the ﬁrst joint. Moreover the pull of the timing belts is at
its maximum.
By the equilibrium of one ﬁnger we determine the reaction forces transmitted to the seats of
the ﬁrst joint’s bearings. The geometry, the loads and the constraints respect the symmetry
plane of the gripper, so half component is been analysed. The ﬁgure 8.23 shows the model
and the obtained results by the simulation.
Figure 8.23: Ansys model and results for the Palm top.
The constraints in the model are: the symmetry constraint on the cut surface, the holes
for screws in X and Z direction and ﬁnally the lower surface supported on the bottom part
of the palm and the ones under the heads of the screws along Y direction. The applied loads
are:
• the reaction from the model of the ABS component for bearings;
• the force exerted by the bearing, Fbearing = (0;0;196)N.
The maximum von Mises stress is 11MPa near one hole for screw on the left, used to
ﬁx the component at the bottom part of the palm. The component is in ABS, so the safety
factor is SF = 2.7. The component Palmtop is veriﬁed.
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8.3.5 Palm Bottom
The lower part of the palm, named Palm bottom, is the most complex component in all the
palm and it is made in ABS. The considered load condition is the same one used for the
Palm top and also for this component the symmetry plane can be used to modelling half
structure as shown in the ﬁgure 8.24.
Figure 8.24: Ansys model and results for the Palm bottom.
The applied constraints at the model are: the symmetry constraint on the cut surface,
the holes for the screws of the interface with the wrist of the robot in X and y direction and
ﬁnally the contact surface with the anti vibration components and their nuts are constrained
in Z direction. The applied loads at the model are:
• the force exerted by the lower bearing of the ﬁnger Fbearing = (0;0;56)N;
• the force exerted by the tensioner of the timing belt Ftens = (50;0;0)N;
• the reactions from the Plate for motors evaluated by its model;
• the reactions from the Palm top evaluated by its model.
The maximum von Mises stress is 17.3MPa near the support for the plate for motors.
The component is in ABS, so the safety factor is SF = 1.7. The component Palmbottom is
veriﬁed.
Chapter 9
Experiments
Currently all of the components of the gripper have been developed in detail, all the techni-
cal drawings and the necessary veriﬁcations were made but the only realized and assembled
system is an active surface, that constitutes the most innovative system in the gripper, so
the following experiments will regard what this system can do. The available active surface
is a distal one and it is mounted on a 6-axis sensor presents in the laboratory, which has
already been calibrated and mounted on thick aluminium plate that can be easily ﬁxed with
clamps on the test bench. The used sensor is different from the ones that will be used in the
gripper, so between it and the frame of the system there is a plastic interface made in ABS
that allows the assembly. The ﬁgure 9.1 shows the system before described.
Figure 9.1: Active surface system mounted on the testing sensor.
The experiments that will be showed concern the contact point evaluation and the fric-
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tion coefﬁcient simulation, in different test conditions. To help the understanding of the
experiments’ results, the ﬁgure 9.2 shows the reference system of the 6-axis sensor and the
one of the active surface.
Figure 9.2: Reference systems of the apparatus for the experiments
(Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
In the ﬁgure the reference system of the sensor is S(OS,xS,yS,zS) and the one of the
active surface is S(O,x,y,z). The coordinates of the object on the plane surface are (xs,ys,c),
where the third component is known by the geometry.
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9.1 Contact point evaluation
For the experiments regarding the evaluation of the contact point, the forces on the active
surface are applied by a cursor so to assume known the contact point position. The experi-
ment consists to follow manually a known trajectory with the cursor and to compare it with
the one obtained by the algorithm. The ﬁgure 9.3 shows the system on which it is visible
the trajectory to be followed and the estimate trajectory on the right.
Figure 9.3: Active surface with the traced trajectory HI (a) trajectory estimated by the algorithm (b)
(Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
The experiment seen before is been done with ﬁxed position of the surface. To evaluate
the inﬂuence of the actuation of the motor, a second experiment is been done. The ex-
periment consist in the comparison between a drawn trajectory with the surface ﬁxed, and
than with the actuation of the motor. The ﬁgure 9.4 shows the evaluation of a simple linear
trajectory in the two cases.
Figure 9.4: Linear trajectory when the motor is off (a) and when the motor is on (b)
(Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
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From the ﬁgure 9.4 we can see that the evaluation of the contact point isn’t disturbed by
the actuation of the belt.
The trajectories in the two experiments regard only the plane surface. Instead, for the
next experiment, a trajectory regarding also the cylindrical surfaces is been used. The ﬁg-
ure 9.5 shows two 3D trajectory and its projections in the plane X-Z. The drawing of the
trajectory by the cursor is not shown because it doesn’t add any useful information.
Figure 9.5: 3D evaluated trajectories regarding all the surface and their projections on the plane X-Z
(Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
One followed trajectory is a general curve in the space (a1) and the second one follows
the contour of the tape (b1). Their projection on the plane X-Z are of particular interest
because replicate the proﬁle of the active surface. The experiments show the correctness of
the algorithm for the ﬂat surface, also the one for the cylindrical surfaces. The algorithm re-
sults able to evaluate the trajectory with an average error of ±1mm for linear measurements
and an angular error of ±2.5°when the contact interests the cylindrical surfaces.
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9.2 Friction coefficient simulation
The friction coefﬁcient simulation is been performed in two different cases: applying a
constant tangential force and applying a variable force in time. The apparatus and the
algorithms needed for these different experiments are indicated in the relative subsections.
9.2.1 Simulation applying a constant force
The experiment is performed placing an object with mass M1 on the active surface and
applying on it a constant tangential force along direction of the Dof of the surface. To
exert a constant tangential force on the object, a wire is anchored to it, it passes on a pulley
and it is connected at a second object with mass M2; the weigh of this last constitute the
applied tangential force. With this set-up the obtained friction coefﬁcient is equal to the
ratio between the masses µ =M2/M1. The target is to ﬁnd the imposed friction coefﬁcient
µ∗ to obtain a continuous translation of the object; to do this the algorithm for the contact
point evaluation is not necessary. The used apparatus for the experiment is shown in ﬁgure
9.6.
Figure 9.6: Apparatus for the friction coefﬁcient simulation applying a constant force
(Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
Numerous experiments of this kind are been done changing the value of the tangential
force, so the second massM2. For each experiment the ratio between the two massesM1/M2
and the value of the friction coefﬁcient imposed in the algorithm µ∗ are been registered. The
results of the experiments can be reported on a graphic having µ =M1/M2 on the abscissa
and the imposed friction coefﬁcient µ∗ on the other axis. Doing a linear interpolation of
the obtained points and comparing the result with the bisector µ = µ∗, we can evaluate the
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error that the algorithm make in the friction coefﬁcient simulation. In the ﬁgure 9.7 shows
the graphic described before.
Figure 9.7: Graphic for the evaluation of the error occurred in the friction coefﬁcient simulation. The red line is the linear
interpolation of the obtained points; the green line is the bisector µ = µ∗ (Courtesy of Centro di ricerca E. Piaggio
Università di Pisa).
The interpolating line has equation µ∗ = 1.024µ −0.037; considering it parallel to the
bisector in green, the graphic indicates that to simulate a friction coefﬁcient µ , it’s necessary
to impose in the algorithm a less coefﬁcient equal to µ∗ = µ −Q. The therm Q = 0.037 is
the horizontal distance between the two lines an represent the error occurred in the friction
coefﬁcient simulation.
As cited in the chapter 3, at the motor is applied the voltage V ∗ in order to compensate
the internal friction of the system and bring the motor cylinder in the process of moving
of retrograde motion in the direction of the external force; imposing a friction coefﬁcient
µ∗ = µ we obtain a non continuous translation of the surface. To obtain a continuous
translation, as desired, a less friction coefﬁcient must be imposed, that involves the offset in
the graphic.
9.2.2 Simulation applying a variable force in time
Differently from the previous experiment, on the active surface the loads aren’t applied by
an object pulled by a wire, but by a cursor exerting random forces on the surface. The target
is to obtain the translation of the belt only when the ratio between the tangential force and
the normal one is greater that the imposed friction coefﬁcient µ∗ = 0.2, the surface ﬁxed
otherwise. During the experiment the ratio between the forces Fx/|Fz|(t) will have a random
trend, so its graphic in time will be compared with the displacement x(t) of the belt. For this
experiment the algorithm for the ﬁction coefﬁcient simulation both the one for the contact
point evaluation are necessary.
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Extrapolating the components Fx and Fz from the 6-axis sensor and the x coordinate of
the contact point from the algorithm, the desired graphics can be drawn. The ﬁgure 9.8
shows the obtained trends in time.
Figure 9.8: Comparison between the ratio of the force Fx/|Fz|(t) and the displacement x(t)
(Courtesy of Centro di ricerca E. Piaggio Università di Pisa).
The horizontal red line in the ﬁrst graph indicates the desired friction coefﬁcient µ∗ =
0.2 to simulate and the vertical lines divide the abscissa in correspondence of the points
Fx/|Fz|(t) = µ
∗, to facilitate the comparison between the two functions. By the ﬁgure 9.8
we can note the stationary of x(t) when the ratio between the forces is lower than µ
∗ and a
displacement when it is greater.
Chapter 10
Conclusions
In this work a mechanical gripper able to adapt itself to the shape of very different objects
and to manipulate them keeping the grasp is been designed. All the components are been
designed in detail, they are been veriﬁed and the their technical drawings are been realized.
The under-actuation has allowed to obtain an adaptable kinematic structure without the
actuation of all the joints, so a simple structure.
Currently the components are under construction, but it was already possible to carry
some experiments on the system Active surface. The system has satisﬁed the required per-
formance for the manipulability. When the gripper will be complete, other more complex
experiments about the in hand manipulation will be carried out.
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Motor and reducer for actuated surfaces
ORIGIN 1
- Data and specifications
I 43 mm interaxis between the cylinders 
D 27 mm external diameter of the cylinders
T1 10 N required force
FS 1.5 overload factor
C_required FS T1 D
2
 202.5 Nmm required torque at the exit of reducer
- Motor: 216013 RE-max 17
Dm 17 mm external diameter
Lm 27.9 mm Lenght
Vm 24 Volt Tension 
Pm 4.5 W Power
n_mot 7960 rpm load speed
C_cont 4.06 Nmm torque in continuous operation
ηmot 0.72 Efficiency
i_required
C_required
C_cont
49.877 required reduction ratio (with ηrid=1)
- Reducer: 110323 GP16A
Dr 16 mm external diameter
Lr 25.3 mm Lenght
i 84 reduction ratio
ηred 0.73 efficiency
Cmax 300 Nmm maximum transmissible torque
- Results:
Ltot Lm Lr 53.2 mm complessive lenght
D_max if Dm Dr Dm Dr( ) 17 mm max diameter
Cout C_cont i ηred 248.959 Nmm torque at the exit of the reducer
Flat belt
μ 0.6 coefficient of friction belt-cylinder
b 50 mm belt's width
t 1 mm belt's thickness
E_belt 1000 MPa elasticity modulus of the belt
L_belt 2 I π D 170.823 mm complessive lenght of the belt
T0 T1
2
e
μπ 1 
e
μπ 1  6.79 N required pre-tensioning
T_sup 2 T0 13.58 N force on the supports due to the pre-tensioning
Lin_belt L_belt 1 T0
E_belt t b  1 170.8 mm length of the belt without tensioning
- Estimation of the deflection due to a load of 20 N
Fy 20 N vertical load equidistant to the two cylinders
Jx b t
3
12
 4.167 mm^4 sectional moment of Inertia belt
δ_Fy Fy
I3
48 E_belt Jx 7.951 mm maximum deflection without belt tension
F_belt 0.5 Fy 0.5 δ_Fy
I
  0.925 N traction induced in the belt
Gripper with actuated closure and opening
 The gripper perform an underactuated "V closure".
Lp 45 mm proximal phalanx length
Ld 75 mm distal phalanx length
L0 16 mm distance between the 1st Joint and the symmetry plane
Rt 14 mm distance between the Joints and the active surfaces
R1 13 mm radius of first joint's pulley
R2 7 mm radius of second joint's pulley
Rsp2 14.75 mm winding radious of spring in the second joint
Fext 20 N external force normal to the active surfaces
μ 0.5 friction coefficient
Ftang Fext μ N tangential force on the active surfaces
K02 0.54 N/mm spring stiffness in the second joint
u02 24.3 mm spring pre-tensioning
- Closure condition
  To perform a correct closure, the condition R1 > R2*(1+c) must be verified
c a( ) Lp
2
a L0( )2
Ld2 a2 c1 a( ) ac a( )dd
0 10 20 30
0.56
0.58
0.6
0.62
0.64
c a( )
a
a 0
Given
c1 a( ) 0=
aLim Find a( )
R1min R2 1 c aLim   11.366 mm 
R1 13 mm (this number must be major than R1min)
- Spring required at the second joint
Mp 0.597 kg mass of proxima phalanx
Md 0.533 kg mass of distal phalanx
Lgp 20 10 3 m distance between the 1st Joint and Mp
Lgd 42 10 3 m distance between the 2nd Joint and Md
Jm 5.55 10 7 Kgm^2 motor's inertia
Ired 231 1.5 transmission ratio
Mr1 9.81 Md Lp 10 3 Lgd  9.81 Mp Lgp 0.572 Nm 
Mr2 9.81 Md Lgd 0.22 Nm 
J1 Mp Lgp
2 Md Lp 10 3 Lgd 2 4.273 10 3 Kgm^2 
J2 Md Lgd
2 9.402 10 4 Kgm^2 
J1red J1 Jm Ired
2 0.071 Kgm^2
τcont 15 10
3 Nm torque in continuous operation
tc 1 s required time to close the gripper
t1 0.90 s start time t2 0.06 s stop time
v t vmax  vmax tt1 t t1if
vmax t1 t tc t2if
vmax 1
t tc t2 
t2
  t tc t2if
 vmax 4 π4 tc t1 t2 4.134 rad/s
α t( )
t
v t vmax dd
0 0.2 0.4 0.6 0.8
0
1
2
3
4
v t vmax 
t
αLimit τcont
Ired
J1red
 73.3 1/s^2
α 0( ) 4.593 1/s^2
α tc  68.895 1/s^2
q1 t( )
0
tc
tv t vmax  d
τ1 t( ) J1red α t( )
q2accel τm t  1J2 τ1 t( ) R2R1 Md Lgd Lp 10 3 2 J1red  τm 
The acceleration of second joint must be equal to zero, so the spring's torque must be:
Given
t 0
τmReq t( ) τ1 t( )
R2
R1
Md Lgd Lp 10 3 2
J1red

0 tτmReq t( )dd=
tsp Find t( ) τReq τmReq tsp  0.157 Nm 
τM Rsp2 K02 u02 10 3 0.194 Nm τM
τReq
1.234 τM
Mr2
0.881
- Tendon pull when the external forces are applied
considering the max torque and force for the sensor:
Lsensor 38 mm Tsensor 500 Nmm Fsensor 50 N so will be used Fext
Lsensor 38FtVelvet 1R1 Tsensor Fext Lp Lsensor   166.154 N 
- Tendon pull when is performed an encompassing grip
FtVelvet2 q2( )
1
R2
Fext Lsensor Tsensor Rsp2 K02 u02 Rsp2 q2( )  equilibrium around "J2"
FtVelvet2
π
2
  234.013 N 
MJ1 FtVelvet R1 2.16 103 Nmm MJ2 FtVelvet2 π2  R2 1.638 103 Nmm 
- Sort of motor and reducer
I1
24
16
1.5 trasmission ratio between first joint and shaft in the palm
N 1 number of fingers (one motor for each finger)
J1 1.5
2 αLimit 103 704.733 Nmm Creq N MJ2 R1I1 R2 2.028 103 Nmm 
- Motor: DCX 22 S 
Dm 22 mm external diameter
Lm 34.2 mm Lenght
Vm 24 Volt Tension 
Pm 14 W Power
n_mot 10800 rpm load speed
C_cont 15.3 Nmm torque in continuous operation
ηmot2 0.86 Efficiency
- Reducer: GPX 22 ceramic 3s 
Dr 22 mm external diameter
Lr 29.6 mm Lenght
i 231 reduction ratio
ηred 0.74 efficiency
Cmax 2000 Nmm max transmissible torque
- Results:
Ltot Lm Lr 63.8 mm complessive lenght
D_max if Dm Dr Dm Dr( ) 22 mm max diameter
Cout C_cont i ηred 2.615 103 Nmm 
Creq 2.028 10
3 Nmm Cout
Creq
1.29
- Choice of the timing belt:
  Timing belt GT3
Dpulley 15.28 mm pitch diameter of the 1st Joint pulley
Fbelt Creq
2
Dpulley
 265.46 N maximum pull in the timing belt 
Pd Cout
π
2 1000 4.108 W design power
Ps 3.5 W transmission capacity reference
Wp 6 mm width of reference belt
Km 1 correction coefficient graft
Wbelt
Pd
Ps Km Wp 7.043 mm required width
Shaft for motor pulley
This component is placed in the palm and it is used to connect the motor at the pulley.
- Dimensions and stress characteristics
D1 4 mm TyAplus 101.4 N 
D2 10 mm TyBplus 101.4 N 
D3 6 mm TyCmin 101.4 N 
M3 3 mm 
Dtab 9 mm 
MzAplus 2000 Nmm 
MzBplus 2000 Nmm 
MzCmin 2000 Nmm 
MxBplus 1014 Nmm 
MxCmin 1824 Nmm 
σamm 360 MPa ERGAL 55
- Geometric factors  and equivalent von Mises stress for the considered sections
Section ΩA+
JxA
pi D24
64
pi D14
64
 D2 D1
4
 2 M3 D2 D12   368.057 mm^4
KtA 1.9 KtsA 1.63 A 0.75
WxA 2
JxA
D2
 73.611 mm^3 J0A pi A D24 D14  32 717.461 mm^4
τmaxA
KtsA MzAplus 0.5 D2( )
J0A
22.719 MPa σeqA 3 τmaxA 39.35 MPa 
SFA
σamm
σeqA
9.149
Section ΩB+
JxB
pi D34
64
63.617 mm^4 WxB 2 JxBD3 21.206 mm^3
KtB 1.5 KtsB 1.3
J0B
pi D34
32
127.235 mm^4
τmaxB
KtsB MzBplus 0.5 D3( )
J0B
61.304 MPa 
σzB
KtB MxBplus
WxB
71.726 MPa 
σeqB 3τmaxB
2
σzB
2 128.137 SFB σamm
σeqB
2.809
Section ΩC-
JxC
pi Dtab
4
64
322.062 mm^4 WxC 2 JxCDtab 71.569 mm^3
KtC 1 KtsC 1.5
J0C
pi Dtab
4
32
644.125 mm^4
τmaxC
KtsC MzCmin 0.5 Dtab 
J0C
20.959 MPa 
σzC
KtC MxCmin
WxC
25.486 MPa 
σeqC 3τmaxC
2
σzC
2 44.355 SFC σamm
σeqC
8.116
Long 1st Joint pin
Fb 260 N AB 7.5 mm CD 8 mm 
Ft 230 N BC 6 mm BM 1.5 mm 
Yb Ft AB BC CD
AB
  659.333 N Ya Ft Yb 429.333 N 
Xb Fb
AB BC
AB
  468 N Xa Fb Xb 208 N 
Considerando la sezione critica M- si ha: Kt 1.4 D 6 mm 
MxM Ft AB BC BM( ) 2.76 103 Nmm 
MyM Fb BC BM( ) 1.17 103 Nmm 
MM MxM
2 MyM
2 2.998 103 Nmm WM pi D332 21.206 mm^3
σeq
Kt MM
WM
197.911 MPa SFpin σamm
σeq
1.819
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